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ABSTRACT
Chlorinated copper phthalocyanine (Signature) and pulverized cells of Chlorella vulgaris
(Chlorella) were evaluated in a controlled environment for their ability to act as photoprotectants
under supraoptimal levels of ultraviolet (UV) and photosynthetically active radiation (PAR)
when applied to plant leaves. Plant pigment changes were documented using High Performance
Liquid Chromatography following 1 week of exposure to supraoptimal light in two separate
experiments incorporating UV (106.6 µmol m-2 s-1) and PAR (760.6 µmol m-2 s-1) over a 12h
photoperiod. Supraoptimal levels of UV and PAR light were found to cause significant
reductions in Agrostis palustris chlorophyll and carotenoid leaf pigment levels. In both
experiments, high light coincided with increases in zeaxanthin and antheraxanthin and decreases
in violaxanthin across all treatments, suggesting that plants experienced a stress response
regardless of pigment application. Under high PAR light, the levels of total carotenoid pigment
degradation were significantly higher in untreated Agrostis palustris controls than in Chlorella
and Signature treated plants. However, only Chlorella demonstrated the ability to significantly
reduce instances of chlorophyll degradation in bentgrass plants under high UV light.
Spectral imaging of light following transmission through treatments demonstrated how
Chlorella was successful in limiting the absorbance of wavelengths in regions of UV (300 to 400
nm) and PAR (480 and 580 nm). Photon flux measurements of transmitted light showed a
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significant decrease in both treatments when compared to controls; the greatest reduction in light
levels occurred with Chlorella applications under both UV and PAR light. Results of these
experiments demonstrate how this interception of light may limit chlorophyll and carotenoid
degradation under these conditions, suggesting that they may be used to successfully act as
photoprotectants. This holds particular value in golf course maintenance, where bentgrasses are
cultivated at low mowing heights in regions where supraoptimal light conditions persist
throughout the growing season.
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LITERATURE REVIEW

1

CREEPING BENTGRASS
Creeping bentgrass (Agrostis palustris) is a fine textured cool-season turfgrass used on
golf course greens due to its ability to tolerate low-mowing heights (Warnke, 2003). The
aesthetic and performance properties of creeping bentgrass have led to its use in supraoptimal
temperature climates, where quality may decline in summer months (Carrow, 1996). For coolseason turfgrasses, ambient air temperatures above 24 °C and soil temperatures above 18 °C are
considered to be supraoptimal for shoot and root growth, respectively (Beard, 1973). Hot and
humid conditions in the southern United States can produce temperatures above these optimal
levels, resulting in a range of symptoms characterized as Summer Bentgrass Decline (SBD)
(Carrow, 1996). High air and soil temperatures lead to an increased respiration rate in bentgrass
roots, and subsequent dieback upon carbohydrate depletion (Xu and Huang, 2000; Xu and
Huang, 2001). In particular, supraoptimal soil temperatures are detrimental to creeping bentgrass
root and shoot growth and nutrient uptake (Xu and Huang, 2000). Heat can also disrupt plant
cellular membranes, severely affecting plant cellular function (Larkindale and Huang, 2004).
Evaporation and transpiration release heat energy through latent heat of vaporization,
which describes the transfer of energy in the state change of water from a liquid to a gas (Tarara,
2000). Conversely, the same amount of energy is released when water condenses from vapor to
liquid form. In other words, evaporation will cool a surface, while condensation will warm it
(Tarara, 2000). Differences between water vapor concentration in and outside the plant will
determine rates of transpiration (Rawson et al., 1977). Under conditions of increased humidity,
transpirational cooling will decrease, due to reductions in the water vapor concentration gradient
between the plant and the air (Rawson et al., 1977). However, an increased surface temperature
will cause an exponential increase in water vapor concentration at the surface, raising this
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gradient, which leads to greater transpirational flow of water vapor from the plant (Gates, 1965;
Pallardy and Kozlowski, 2008). Consequently, very small changes in temperature can trigger
large fluxes in the rate of transpiration (Gates, 1965; Pallardy and Kozlowski, 2008).
Solar radiation is the largest contributor to increasing soil temperatures (Huang, 2002;
Larkindale and Huang, 2004). Golf course greens constructed according to United States Golf
Association (USGA) specifications incorporate high amounts of sand near the surface of the soil
(Moore, 2004). Among various soil-types, Abu-Hamdeh and Reeder (2000) observed the highest
thermal conductivity in sandy soils. The temperatures of the various soils were positively
correlated with bulk density. Research has shown that the addition of organic matter will
decrease bulk density (Hummel, 1993). Creeping bentgrass cultivars used on golf course greens
exhibit high rates of organic matter accumulation at the soil surface (Carrow, 2004; Hudson and
Shane, 1994). This accumulation of organic matter will reduce bulk density, and thus thermal
conductivity (Hummel, 1993). However, organic matter can also increase water retention, which
dramatically increases thermal conductivity with increases in temperature (Abu-Hamdeh and
Reeder, 2000; Campbell et al., 1994). Bare portions of the turf will also expose surface organic
matter, which will absorb higher amounts of incident light energy due to its darker color
(Bristow and Horton, 1996; Loughrin and Kasperbauer, 2003). Heat will either move upward to
the surface of soil or downward from warmer to cooler layers (Tarara, 2000).
Increases in leaf lipid saturation levels have been observed following heat treatment to
creeping bentgrass plants (Larkindale and Huang, 2004). The thylakoid membrane contains a
large proportion of non-bilayer forming lipids, which are thought to be required for the
stabilization of the contained photosystem-II complex (Thomas et al., 1986). Increases in lipid
saturation within chloroplast structures increase temperature tolerance by reducing phase-
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separation of non-bilayer forming lipids from the chloroplast membrane (Gounaris et al., 1983).
However, no changes in lipid composition were observed in the roots of creeping bentgrass
(Larkindale and Huang, 2004). Incidences of heat damage have been shown to be light-mediated,
supporting the idea that any subsequent damage could occur as a result of light induced damage
to the photosynthetic apparatus (Larkindale and Knight, 2002). This idea is supported in creeping
bentgrass species, where photosynthetic acclimation has been shown to be essential for increases
in tolerance to severe heat stress, due to maintenance of light-harvesting capacity and carbon
fixation throughout the heat stress period (Liu and Huang, 2008). The specific mechanisms
relating to light induced inhibition of the photosynthetic apparatus will be further discussed later.
LIGHT AND PLANT PIGMENTS
Visible light (400 to 700 nm) accounts for 43% of the energy in the global solar
irradiance spectrum (300 to 2500 nm) for North America. The remainder of this energy arrives as
52% near-infrared (NIR; 700 to 2500 nm) and 5% ultraviolet (UV; 300 to 400 nm) (Levinson et
al., 2005b; American Society for Testing and Materials, 2003). The NIR wavelengths are
responsible for much of the heating within leaves (Forbes and Watson, 1992). Consequently,
plant leaves will effectively scatter and reflect 70% of incident perpendicular infrared radiation;
reducing heat-buildup in the plant and the soil (Knipling, 1970; Atwell et al., 1999; Larcher,
2003). Plants exhibiting bicoloration (abaxial surface a lighter shade of green than adaxial), a
thicker cuticle, and a higher portion of mesophyll surface area exposed to intercellular air spaces
exhibited predictably higher NIR reflectance values from the adaxial leaf surface. However, in
plants with lower pigment content, UV-visible light absorption and NIR light reflection decrease,
increasing heat buildup in soil (Knipling, 1970). Kopsell et al. (2010) reported that, among heattolerant cultivars of Poa pratensis, those highest in pigment content were the least heat tolerant.
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However, also mentioned is the possibility that drought was an influencing factor in decreasing
pigmentation across cultivars, which would account for a decrease in transpirational cooling and
CO2 fixation. Dry plant leaves will also show diminished reflectance in the NIR, which would
increase NIR absorbance by the soil (Hawley, 1971).
Light consists of both wave and particle properties. While light is propagated in wave
form, its interaction with matter functions as a particle (Prasad, 1997). Planck’s law describes
how light exists in quanta, or bundles of energy. This theory was further developed in 1905 by
Einstein, who went on to discover that radiation processes involve the emission or absorption of
light quanta, or “photons” (Bohr, 1949). The energy of a photon is determined by its wavelength,
the distance between repeating waves, and number of light wave repetitions per unit time. Their
relationship is considered directly proportional, in that any fraction of photon wavelength equals
its reciprocal in energy output, and is a function of frequency (Prasad, 1997). This is not to be
confused with the intensity of light, which depends on how many photons of energy are being
emitted per unit time (McDonald, 2003).
Two basic principles of light that govern the absorption properties of plant pigments are
the Grotthus-Draper and Stark-Einstein laws. The Grotthus-Draper law states that photochemical
processes can only occur with absorbed radiation, and the Stark-Einstein law states that each
absorbed photon can only affect one molecule (Diffey, 2002). When plant pigment molecules in
an unexcited ground state absorb photons of a compatible wavelength, a valance electron is
quickly raised to an excited state. After returning to a ground state, the absorbed energy is
released in the form of thermal dissipation, fluorescence, phosphorescence, or inductive
resonance (McDonald, 2003). However, long-term exposure of plants to supraoptimal levels of
light can result in the destruction of photosynthetic pigments. This chemical reaction is
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considered oxygen- and light-dependent, and is defined as photooxidation (Powles, 1984). Light
toxicity occurs when high flux light converts the target pigment molecules, first, into an excited
state, then an initial short-lived singlet state, and finally a molecular rearrangement into a longerlived triplet state (Larson, 1988). During this time, there is an increased chance for chemical
reactions with surrounding molecules. In the formation of damaging species, triplet energy is
transferred to molecular oxygen, forming singlet oxygen. This reactive oxygen species exists as a
free radical, capable of oxidizing and bleaching plant pigments to an irreversible degree under
extreme conditions (Larson, 1988). However, plants have evolved multiple protective
mechanisms for the effective removal of this excess light energy.
Photosynthetic systems are composed of a network of principal and accessory pigments
(Duysens and Amesz, 1962). While principal pigments are directly involved in the chemical
conversion of energy, accessory pigments act as sinks for conducting different wavelengths,
transferring the energy to the primary through inductive resonance. Together, these pigments
form a network of overlapping absorption bands, improving the efficiency at which plants
harvest light in the action spectrum of photosynthesis (Smith and French, 1963; McCree, 1971).
However, accessory pigments also play an important role in photoprotection (Demmig-Adams
and Adams III, 1996).
Functioning as accessory pigments, the six primary carotenoids in plants exist as red,
orange, and yellow pigments and consist of the xanthophyll pigments zeaxanthin,
antheraxanthin, violaxanthin, neoxanthin, and lutein and the carotene pigment beta-carotene.
(McElroy et al., 2006; Sandmann, 2001; Zaripheh and Erdman, 2002) Carotenoids of the
xanthophyll cycle are considered essential to the dissipation of energy under conditions of excess
light, through the interception and removal of excess excitation energy prior to its entrance into
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the electron transport chain. Once the absorption of light exceeds a plant’s capacity for CO2
fixation, photosynthetic electron transport generates a decrease in lumen pH. This activates the
conversion of xanthophylls, removing oxygen from violaxanthin to form antheraxanthin, then
zeaxanthin, which dissipates the excess energy as heat (Muller, 2001). This process is reversible,
where zeaxanthin will be converted back to violaxanthin in order to promote light harvesting
under low-light conditions (McElroy et al., 2006). These processes allow carotenoids to function
as photoprotectants by quenching free radicals such as triplet-state chlorophyll and singlet
oxygen before they can cause damage to the plant. The process of releasing excess light energy
as heat dissipation is known as nonphotochemical quenching (Demmig-Adams and Adams III,
1996).
Flavonoids, another group of accessory pigments, make up one of the largest known
groups of phenolic compounds within plants, with over 9000 assessed from plant tissue as
reported by Williams and Grayer (2004). Responsible for the many bright blue, red, and purple
colors throughout nature, anthocyanins are the most widespread of the pigmented flavonoids
(McDonald, 2003). The prospective roles of anthocyanin in plants are numerous, and have been
contemplated by scientists for well over a century (Gould, 2010). As stated by Wheldale (1916),
in one of the earliest reviews of plant anthocyanin function, “It is difficult to find a hypothesis
which fits all cases of anthocyanin distribution without reduction to absurdity.” However, in
recent years there have been many significant advances in understanding the roles of
anthocyanin pigments in plants. Related to light-attenuation properties, anthocyanin
accumulation has been linked to photoprotection of chlorophyll during drought and cold stress
(E. Taulavuori et al., 2010, Gould et al., 2010), improved recovery from mechanical injury
(Gould et al., 2002), enhanced nutrient retrieval from senescing leaves (Hoch et al., 2003), and
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delayed senescence in CO2 rich environments (Tallis et al., 2010). Independent of light
attenuation properties, anthocyanins are ascribed to many biotic-dependent roles, including:
microbial defense responses (Kangatharalingam et al., 2002; Hipskind et al., 1996); herbivory
avoidance (Karageorgou and Manetas, 2006); and pollination ecology (Harborne and Smith,
1978). Due to the diverse range of inducing factors associated with anthocyanin biosynthesis,
correlating the transient accumulation of anthocyanin to any one function is inherently difficult.
Consequently, knowledge of the localization and spectroscopic properties in vivo of all the
pigment pools is essential for ecophysiological studies and the quantitative description of
anthocyanin function (Gould et al., 2002). While its distribution in plants differs considerably
across species, anthocyanin will generally localize within cell vacuoles, in or just below the
adaxial epidermis, effectively providing light-protection to subjacent chloroplasts (Merzlyak et
al., 2008). Abaxial accumulation in leaves has been observed, but is also considered a
photoprotective adaptation of light-sensitive plants whose leaf orientation and substrate albedo
may vary throughout developmental stages of the plant (Hughes and Smith, 2007). Specifically,
anthocyanins have been shown to accumulate in the presence of UV light, with maximum
activity occurring at 290 nm (Jenson et al., 1998; Hashimoto et al., 1991).
NEW MODELS OF PHOTINHIBITION
Photosynthesis requires the interaction between two separate, but equally complex
photosystems. Photosystem I (PSI) and photosystem II (PSII) have designations of P700 and
P680 respectively, named for the absorption maximum of their chlorophyll a molecules. Each of
the photosystems contains subtle differences in protein associations, which accounts for their
different absorption properties (Anderson and Andersson, 1988). Chlorophyll a molecules only
absorb a small portion of light for use in photosynthesis. In order to better use the reaction
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centers in photosynthesis, each photosystem has antenna complexes composed of several
hundred pigment molecules. These light-harvesting complexes help to extend the absorption
spectrum, using resonance transfer to designate the flow of excitation energy to the reaction
centers (Glazer et al.,1989; Zuber, 1986).
The absorption of excess light energy has the potential to damage photosynthetic
machinery, beginning with PSII. Photoinactivation of PSII is hypothesized to occur by two
separate mechanisms, acceptor-side and donor-side, which both result in the inhibition of
electron transfer and subsequent degradation of the D1 protein (Wei et al., 2011). Photosystem
II reaction center D1 proteins, which exhibit the highest turnover rates in the thylakoid
membrane, are the main target of oxidation during photodamage (Sundby et al., 1993). In the
acceptor-side mechanism hypothesis, photoinhibition begins with the reduction of the
plastquinone pool under intense light, causing a lack of oxidized plastoquinone to bind to the QB
site on the D1 protein. Because QA- is unable to transfer an electron to QB, it becomes doubly
reduced to QA2- during the second turnover of the reaction center. In order to become stable, QA2will become protonated, forming QAH2, which is then released from the QA binding site on the
D1 protein. The newly unoccupied QA site leads to the formation of the primary radical pair
P680+Pheo-, and through recombination, generates triplet state P680. This reacts with oxygen to
form singlet oxygen, a reactive oxygen species responsible for D1 protein degradation (Wei et
al., 2011; Tyystjärvi, 2008; Anderson et al., 1998). In the donor-side mechanism hypothesis,
highly reactive P680+ is formed due to a lack of electron donation while under the influence of
light. P680+ will oxidize surrounding chlorophyll and carotenoid molecules, and lead to
degradation the D1 protein (Wei et al., 2011).
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Under experimental light conditions, photodamage to PSII was found to be greatest in
regions of UV and yellow light exposure in Arabidopsis thaliana (Takahashi et al., 2010).
Damage to PSII by high-energy light has recently been explained using a two-step model
developed by Ohnishi et al. (2005) and further explained by Tyystjärvi (2008). This theoretical
model states that photoinhibition begins with the reduction of the Mn cluster in the oxygenevolving complex (OEC) by UV, blue, and green light, but not red (Wei et al., 2011). Following
Mn inactivation, PSII becomes sensitive to light at 680 nm, experiencing inactivation from direct
red and blue light exposure to its photosynthetic pigments in the donor-side mechanism (Ohnishi
et al., 2005). Damage to the OEC will increase potential for PSII damage due to reductions in
electron donation from the OEC to PSII undergoing oxidation (Hakala et al., 2005). Takahashi et
al. (2010) attempts to explain the adverse effects of yellow light, attributing its photoinhibitory
effects to the Mn light-sensitizer mechanism. While yellow light contains less excitation energy
than UV and blue light, it is much more abundant in the solar spectrum (Takahashi and Badger,
2010). More of this light is able to penetrate plant tissue, due to its lack of absorption by
anthocyanin (primarily blue and green light absorption), chlorophyll (primarily blue and red light
absorption) and carotenoid (primarily blue and green light absorption) pigments (Takahashi et
al., 2010; Solovchenko and Merzlyak, 2008). The PSII photodamage spectrum is very different
from the absorption spectra of these pigments, but is closely correlated with that of Mn
compounds (Wei et al., 2011). Because collimated light is scattered within leaf tissue, the
efficiency of its absorption will increase with depth in the mesophyll (Vogelman et al., 1996).
This allows non-photosynthetic yellow and green light to penetrate more deeply into the leaf, and
trigger excitation in shade adapted chloroplasts of the lower mesophyll (Nishio, 2000). The
increased presence of refracted yellow-green light in the mesophyll may have a greater influence
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on Mn excitation in the absence of high energy UV light. This suggests that the mechanism of
light diffusion, meant to increase the absorption of light by pigment networks, could also
contribute to the indirect photodamage of PSII during high visible light irradiance (Takahasi et
al., 2010). However, a recent study revealed that visible light had little impact on the production
of high valent species of Mn in the OEC, while UV light did (Wei et al., 2011). Consequently,
UV light inhibition of the OEC in PSII is also much faster and thus more damaging than that of
visible light (Tyystjärvi, 2008). Wei et al. (2011) uses this to support the idea that photodamage
from excess visible light occurs directly to PSII, without inhibiting Mn in the OEC. This
supports the theory that, although donor-side photoinhibition has often been observed after
chemical inactivation of the OEC by UV light, there is still potential for visible light to trigger
this mechanism in the absence of UV and blue light, because the OEC will sometimes fail to
reduce highly reactive P680+ species (Anderson et al., 1998; Wei et al., 2011). The absorption
peak of anthocyanin in the visible light region (450 to 550 nm), suggests that it may provide
photoprotection in this mechanism as well (Solovchenko and Merzlyak, 2008). Overall, the close
correlation between this photodamage spectrum and the anthocyanin absorbance spectrum
supports the hypothesis that adaxial localized phenolic coumpounds are meant to act as filters for
high-energy light (Takahashi and Badger, 2010).
PSII REPAIR CYCLE
Upon photodamage to PSII, the plant begins to replace damaged PSII proteins in a
process known as the PSII repair cycle (Aro et al., 2004). In order to repair the damaged PSII
complex, the photodamaged D1 protein is rapidly degraded, de novo synthesized, and
incorporated back into PSII (van Wijk et al., 1997; Nishiyama et al., 2001). Environmental
stresses can inhibit de novo synthesis of the D1 protein, and consequently limit the rate and
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extent of PSII repair (Allakhverdiev and Murata, 2004). In forming a common mechanism for
this inhibitory response, the role of reactive oxygen species seems likely. The fixation of CO2 is
sensitive to a wide array of environmental stresses: including light (Sun et al., 1996),
temperature, drought (Cornic and Ghashghaie, 1991) and salt (Yeo et al., 1985). Limitation of
CO2 fixation decreases NADPH use efficiency, subsequently reducing NADP+, a major acceptor
of electrons in PSI. This accelerates the rate of electron transport to molecular oxygen, forming
superoxide anions, which lead to formation of H2O2 by superoxide dismutase in PSI (Takahashi
and Murata, 2008). The increased production of H2O2 can exceed the rate at which it can be
scavenged in the water-water cycle (Takahashi and Murata, 2008; Asada, 1999; DeRose et al.,
1994; Barber, 2008; Song et al., 2006). Unscavenged H2O2 inhibits the repair of PSII through
blocking the synthesis of a D1 precursor (Apel and Heribert, 2004; Nishiyama et al., 2001).
Though these reactions have no effect on the rate of photodamage to PSII, with repair inhibited,
photoinhibition is accelerated due to on-going damage incurred from light exposure (Takahashi
and Murata, 2005).
Adaxial localized screening pigments increase the reflectance of red light, the absorbance
of blue light, and the attenuation of green light. In an effort to better understand the role of
adaxially localized pigment compounds in preventing photoinhibition in the lower mesophyll,
Hormaetxe et al. (2005) tested the filtration qualities of variously colored cultivars of Buxus
sempervirens under photoinhibitory conditions. Adaxial sections of green, brown, orange yellow,
and red colored cultivars were positioned in place of adaxial removed sections of green shade
leaves. Green adaxial sections demonstrated the highest levels of absorbance, and consequently,
the lowest levels of photinhibition in the lower mesophyll. These results are most likely due to
the increased light absorption efficiency and photostability of high chlorophyll content leaves,
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whereas the accumulation of light filtration pigments is usually associated with lower levels of
chlorophyll, and thus lower light use efficiency (Close and Beadle, 2003). Assuming this higher
light protection by chlorophyll in the adaxial section of the leaves of this species, researchers
should begin to ask why certain plants didn’t evolve specialized green pigments for the more
effective filtration of excess light (Hormaetxe et al., 2005).
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CHAPTER 1
ASSESSING THE ROLE OF ADAXIALLY APPLIED PIGMENTS IN CREEPING
BENTGRASS (AGROSTIS PALUSTRIS) STRESS REPONSES TO SUPRAOPTIMAL
LEVELS OF UV AND VISIBLE LIGHT.
INTRODUCTION
Pigments in Creeping Bentgrass
In recent years, there have been numerous studies investigating the impacts of
supraoptimal abiotic stress factors on Agrostis spp. plants. As a cool-season turfgrass, the ability
of creeping bentgrass to acclimate to these factors is considered essential for the maintenance of
photochemical processes vital to its survival (Liu and Huang, 2008). Consequently, creeping
bentgrass has evolved multiple mechanisms for pigment upregulation during acclimatization to
suproptimal abiotic stress environments. McElroy et al. (2006) published a study on carotenoid
production in creeping bentgrass during events of sub- and supra-optimal light exposure. The
authors found that these plants will upregulate the production of xanthophyll cycle pigments
during adaptation to high-irradiance. McCurdy et al. (2008) discovered a similar response in
another C3 turfgrass species, perennial ryegrass (Lolium perenne L.). Plants treated with
mesotrione, a herbicidal inhibitor of carotenoid biosynthesis in sensitive species, triggered an
upregulation of the photoprotectant pigments zeaxanthin and antheraxanthin at the expense of
violaxanthin, during non-target application injury to L. perenne. This phenomenon was thought
to be associated with an effective stress-response in the plant. Significant postapplication
irradiation and temperature damage following mesotrione bleaching suggests that zeaxanthin
could be involved in an alternate pathway responsible for quenching excess light energy and/or
reducing the size of the light-harvesting complexes in high light, during a period of time when
the plant is more susceptible to attenuated light, due to an inherent reduction in chlorophyll, and
thus photochemical efficiency, during bleaching (Siefermann-Harms, 1987; Baroli et al., 2003;
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McCurdy et al., 2008). This idea is consistent with later findings, by Liu and Huang (2008), that
showed carotenoid upregulation in creeping bentgrass during acclimation to heat stress. These
findings are also in agreement with the explanation of carotenoids as having a putative role in
abiotic stress avoidance, which has been implicated as a vital survival mechanism in higher plant
species (Demmig-Adams and Adams III, 1996).
In cold temperatures (0 to 13 ˚C), creeping bentgrass foliar tissues will turn purple in
color. A similar phenomenon will occur under drought stress; leaves produce a more bluish to
purple color during periods when the turfgrass is susceptible to foot printing (Dernoeden, 2000).
This response has been associated with flavonoid metabolism and increased production of
anthocyanin in the leaves of the plant (Han et al., 2009). Cool-season plants exhibit a diurnal
regulation of carbohydrates, producing and accumulating most of their photosynthates in the leaf
tissue of the plant during the day and translocating them during the night (Geiger and Servaites,
1994). During nights when the temperature drops from warm day temperatures (18 to 24 ˚C) to
cold temperatures (0 to 13 ˚C), bentgrass plants will accumulate sugars in the leaves, due to an
inability to transport sugars (Dernoeden, 2000). The presence of foliar sugars has been shown to
induce anthocyanin synthesis, at which point anthocyanin will bind to sugars (Chalker-Scott,
2002). Consequently, the rate at which anthocyanin dissipates from the leaves will be reduced
(Dernoeden, 2000). The use of plant-growth regulators has also been implicated in the increased
build-up of foliar anthocyanin, which would coincide with a mechanism where the accumulation
of sugars triggers anthocyanin production and binding in the leaf tissue (Dernoeden, 2000).
Ultra-violet light can cause significant visual and photosynthetic damage to turfgrass
species in only a short period of time (Ervin et al., 2004). The accumulation of foliar anthocyanin
and carotenoid pigments has been associated with improved UV-B protection in the leaves of
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plant species (Rao et al., 1996; Bornman et al., 1997; Pérez-Rodríguez, 1998; Kondo and
Kawashima, 2000). Zhang et al. (2005) found that dark green cultivars of kentucky bluegrass
(Poa pratensis L.) experienced reduced damage under UV light when compared to a light green
cultivar. Synthetic green pigment applications to the leaves of Poa pratensis under UV light
treatment coincided with significantly higher visual quality and photochemical efficiency when
compared to controls (Ervin et al., 2004).
Chlorella
Chlorella, a genus of unicellular green algae, was first recognized through isolation by
Beijernick (1890). Among known photosynthetic organisms, it is highest in chlorophyll a and b
production, capable of performing photosynthesis at a rate much higher than that of many plant
species. The ratio of chlorophyll a to chlorophyll b in Chlorella can range from approximately 3
to 6 (Reger and Krauss, 1970). Its biomass also contains high concentrations of carotenoid
pigments that are capable of providing unique health benefits in humans (Cha et al., 2008). Since
their introduction to the health market during the 1960s, Chlorella species have experienced a
pronounced growth in production for use as health supplements. One of the most popular species
for these applications is Chlorella vulgaris (Kanno, 2005). Capable of being cultivated in largescale bioreactors, C. vulgaris holds a significant advantage over that of higher plant species,
providing a cheap and reliable source for the mass production of beneficial nutrients (Scragg et
al., 2002).
Ranging from 2 to 10 µm in diameter, C. vulgaris cells have a globular shape, and a
strengthened cell wall that prevents its adequate digestion and beneficial uptake in humans. For
this reason, Chlorella cells are fragmented following cultivation, allowing cell contents,
particularly lutein, to have greater bioavailability in humans (Mitsuda et al., 1977; Shibata &
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Hayakawa, 2009). Commercially available forms of C. vulgaris thus consist of fragmented cells
sold as a powder (Görs et al., 2010).
The absorption spectrum of C. vulgaris has light attenuation properties similar to that of
chlorinated copper phthalocyanine, with peaks in the NIR region at 600 to 700 nm and the UV
light region at 400 to 500 nm (Ley and Mauzerall, 1982; Yun and Park, 2001). It is hypothesized
that the foliar application of pulverized C. vulgaris cells can provide novel insight into the plant
health benefits associated with phthalocyanine application in creeping bentgrass. However, data
describing the effects of Chlorella on the adaxial attenuation, screening, and alteration of
incoming light are limited.
MATERIALS AND METHODS
Chamber Trial
‘Penn A-4’ creeping bentgrass was seeded at 96 kg ha-1 into 10-cm diameter pots
containing an 80:20 v/v mixture of sand (Natural Grain Silica Sand, US Silica, Frederick, MD)
and sphagnum peat moss (Premier Sphagnum Peat Moss Tourbe, Québec, Canada) and
maintained in a greenhouse environment. Following germination, plants were fertilized every 4
days with a complete fertilizer (Vigoro All Purpose Plant Food 10-10-10, St. Louis, MO) at 24
kg N ha-1 until complete groundcover was achieved, upon which plants received weekly
fertilization at 4.8 kg N ha-1. In order to maintain soil moisture, plants were watered twice daily
with overhead irrigation as needed. The creeping bentgrass plants were manually clipped with
scissors twice weekly to maintain a height of approximately 1 cm.
After two months of growth in a greenhouse, plants were placed in a controlled
environmental growth chamber (Conviron Adaptis A1000, Pembina, ND) equipped with High
Output Fluorescent Lamps (Phillips F39T5/841 HO Alto, Somerset, NJ) for a 3 day acclimation
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phase under a relatively low UV irradiance (18.2 mol m-2 d-1 PAR; 0.25 mol m-2 d-1 UV) for the
UV light stress experiment and a relatively low visible irradiance for the visible light stress
experiment (6.9 mol m-2 d-1 PAR; 0.004 mol m-2 d-1 UV). For relatively high UV irradiance (21.3
mol m-2 d-1 PAR; 4.6 mol m-2 d-1 UV) treatment following acclimation, the High Output
Fluorescent Lamps were alternated with Zilla Desert 21 Watt UVB 50 Fluorescent T5 Bulb-Zilla
Desert Lamps (Zilla Products, Franklin, WI). For relatively high visible light irradiance (32.6
mol m-2 d-1 PAR; 0.54 mol m-2 d-1 UV) treatment following acclimation, the plants were placed
in closer proximity to the High Output Fluorescent Lamps (Phillips F39T5/841 HO Alto,
Somerset, NJ). Light levels were chosen based on the maximum output achievable in the
chamber when controlling for each of the types of light. While the measured UV light levels
increased largely as a percentage across the acclimation and treatment phases of the PAR
experiment, the incident flux of this light was still low. All plants were placed under a 12h
photoperiod. Temperature was measured with an EasyLog USB Data Logger (Dataq, Akrom,
OH) every 30 min. Temperature data were analyzed as means (Table 2) using the PROC
MEANS statement in SAS 9.2 (SAS Institute, Cary, NC). While temperature did reach daytime
extremes of 29 ˚C in the treatment phase of the PAR experiment, as compared to 25 ˚C in the
other experiments, this was only for a brief period of time following the activation of lights in the
chamber and was not representable of the entire photoperiod.
All plant pots were placed in standing water to ensure consistent water availability. This
also eliminated the need for overhead irrigation, which could influence irradiance interception by
the leaf, as well as cause treatment removal. Photosynthetically active radiation (PAR) and
ultraviolet radiation (UV) photon flux (µmols s-1m-2) measurements were obtained using sensors
active in the wavelength ranges of 400-700 nm and 250-400 nm respectively (Apogee Quantum
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and UVS Sensors, Apogee Instruments, Logan, UT). All efforts were made to maintain the
visible light irradiance values across the acclimation and treatment phases in the UV light stress
experiment (See Table 1.1), the UV irradiance values across the acclimation and treatment
phases in the visible light stress experiment (See Table 1.2), and temperature across all
experiments (See Table 2).
The pigment treatments consisted of pulverized cells of Chlorella vulgaris (Nuts Online,
Cranford, NJ) applied at 48.8 kg ha-1 on a 7-day interval, Signature fungicide (Bayer
Environmental Science, Research Triangle Park, NC) at the label-recommended rate of 12.2 kg
ha-1 on a 7-day interval, and water alone as an untreated control on a 7-day interval. The
treatments were applied using a handheld pressurized sprayer (Preval, Precision Valve
Corporation, Yonkers, NY) calibrated to deliver 794.4 L ha-1 at 15.2 cm above the plant. The UV
and visible light experiments were repeated twice. Plants were arranged in a completely random
design with 3 replications in the first and second experimental repetitions of the visible light
experiment, and in the first experimental repetition of the UV experiment. A completely random
design with 2 replications was used in the second experimental repetition of the UV experiment.
Replication differences between experimental repetitions were used because of insufficient plant
numbers available for clipping harvest in the second repetition of the UV experiment. Plants
were clipped and fertilized a final time prior to the initiation of high light and treatment phases.
During this phase, plants were rerandomized 3 days after the initiation of treatments in order to
account for any potential variation in the interception of light caused by differences in plant
location.
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Chamber Data Collection
Plants were trimmed and clippings harvested once prior to the experiment and 1 week
following the initiation of high light and pigment treatments. Prior to data retrieval, Chlorella
treated plants were flushed with deionized water to ensure the removal of pigment treatments,
which could otherwise influence plant pigment analysis. Clippings were immediately placed in
cold storage at -80 °C, and then later ground in liquid N. Using methods described in Kopsell et
al. (2007), leaf tissue pigments were extracted and quantified using High Pressure Liquid
Chromatography (HPLC). Samples measuring 0.10 g of fresh tissue were analyzed in the first
experimental repetition of the UV and visible light treatments. In the second experimental run,
0.25 g samples were analyzed in each experiment. Extraction efficacy was determined through
the addition of ethyl-β-8’-apo-carotenoate (Sigma Chemical Co., St. Louis) and 2.5 mL
tetrahydrofuran (THF) stabilized with 25 ppm 2,6-Di-tert-butyl-4-methoxyphenol. Each sample
underwent homogenization using a pestle-attached drill press (Sears, Hoffman Estates, IL) set at
540 rpm in a tissue-grinding tube (Potter-Elvehjem, Kontes, Vineland, NJ) placed in ice for heat
dissipation. Following homogenization the samples were placed in a centrifuge set at 500 gn for
approximately 5 min. The obtained supernatant was removed, re-suspended, and the process was
repeated 3 to 4 times until the sample pellet was colorless. Extracted supernatants were then
placed under a N gas stream (N-EVAP 111, Organomation, Berlin, MA) and reduced to
approximately 0.5 ml. Following the addition of approximately 4.5 mL of acetone, 2 mL of
solution was filtered through a 0.2-µm polytetrafluoroethylene filter (Econofilter PTFE 25/20,
Agilent Technologies, Wilmington, DE). The obtained solution was then subjected to HPLC
using an Agilent 1100 HPLC unit (Agilent Technologies, Santa Clara, CA) for the separation of
pigments.
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Data were analyzed through analysis of variance using the MIXED procedure in SAS 9.2
(SAS Institute, Cary, NC), and least squares means compared using the Least Significant
Difference method (p=0.05). The pigments that were analyzed were beta-carotene,
antheraxanthin, lutein, neoxanthin, violaxanthin, zeaxanthin, chlorophyll a, and chlorophyll b.
Experimental repetitions were analyzed separately due to the presence of interaction effects for
the treatments across the repetitions in both the high UV and PAR light trials. Visual and digital
image analysis of quality was not measured in these plants due to the influence of pigments on
visual color following high light treatment. This is due to the ability of chlorinated copper
phthalocyanine to dye leaves that would otherwise appear bleached. Removing the Signature
pigment from the leaves proved especially difficult following weeklong application, which is
perhaps attributable to the ability of chlorinated copper phthalocyanine to infiltrate the plant leaf
following application.
RESULTS AND DISCUSSION
Chlorophyll
In the first experimental repetition for high UV treatment, the changes in mean total
chlorophyll measurements were statistically similar, with decreases of 30 %, 41 %, and 30 % for
the control, Chlorella, and Signature treatments respectively (Table 3). However, significant
differences between these changes were detected during the second experimental run. Total
chlorophyll concentrations decreased to 23 % and 40 % in the control and Signature treated
plants, but increased 1 % for those treated with Chlorella (Table 5). These observed differences
in chlorophyll concentration between Chlorella treatments across the two experimental
repetitions can most likely be attributed to the use of a greater amount of fresh weight (FW) in
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the second experimental repetition. Lower fresh weight volumes may have contributed to larger
variation in output readings, creating inconsistency across the experimental repetitions.
Under supraoptimal PAR, Chlorella and Signature treated plants experienced degradation
levels statistically similar to that of untreated controls in the first experimental repetition (Table
4). During the second experimental repetition, chlorophyll degradation was greater in Signature
treated plants than Chlorella and the untreated control (Table 6). This consistent decrease of total
chlorophyll amounts across treatments indicates that the supraoptimal visible light condition in
the growth chamber was highly detrimental to leaf pigmentation, where pigment application had
little impact on reducing the degradation of chlorophyll.
The absence of chlorophyll protection in Signature applications under both suproptimal
UV and PAR suggests that its ability to maintain plant quality under conditions of heat stress, as
demonstrated by Norton et al. (2004), may not extend to conditions of excess light. Signature’s
ability to improve plant quality may best be attributed to the investigated mechanism of heat
avoidance. However, these results do suggest that Chlorella may prove effective at limiting
chlorophyll degradation under suproptimal UV, but not supraoptimal PAR. These results are in
agreement with the finding that Signature appears less effective than Chlorella at attenuating
light when applied adaxially at these rates (See Chapter 2).
Across the experiments, a visible bleaching effect occurred at the tips of plants treated
with Signature following one week under high light, which agrees with the greater degradation
of chlorophyll in Signature treated plants (Table 6). These effects were unexpected, as this
phenomenon has not been previously reported to occur under high UV light in plants treated with
copper phthalocyanine (Ervin et al., 2004). It is possible that Al from the Fosetyl-Al present in
Signature was responsible for toxicity effects under conditions of high light stress. Symeonidis et
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al. (2004) previously demonstrated how increases in Al concentrations led to decreases in leaf
chlorophyll content in Cucumis melo. Aluminum is believed to cause morphological damage,
affecting photosynthesis by lowering chlorophyll content and reducing electron flow in the
leaves of plants. It also interferes with the uptake, transport, and use of the essential elements Cu,
Zn, Ca, MG, Mn, K, P, and Fe (Roy et al., 1988). Specific to turfgrass, aluminum toxicity has
been shown to cause reduction in clipping yields in bentgrass plants (Kuo et al., 1992). When
combined with high light irradiance, it’s possible that the presence of exchangeable Al further
promotes this bleaching effect in bentgrass leaves. This was further exemplified by the presence
of purple leaves in the control and Chlorella treated plants, but not Signature treated plants,
which were consistently bleached. This visible purpling is most likely a result of the build-up of
anthocyanins within the bentgrass plant (Dernoeden, 2000). Visible purpling was also visibly
greatest in control and Chlorella treated plants in the UV high light treatment. This is in
agreement with the aforementioned roles of anthocyanin in plant photoprotection from UV-B,
which was shown to be present in high light treatments (See Chapter 2). The absence of visible
anthocyanin accumulation in the leaves of Signature treated plants, suggests that either FosetylAl or chlorinated copper phthalocyanine was responsible for limiting this stress response in the
plant. During HPLC analysis, particles of the synthetic pigment copper phthalocyanine were
consistently visible in the fresh weight extract of Signature treated plants, suggesting that these
pigment molecules did not break down in the presence of high light, and thus did not render the
Cu in copper phthalocyanine to be taken up by the plant.
Carotenoids
UV and PAR light caused noticeable changes in carotenoid composition across
treatments. Under conditions of supraoptimal UV light, lutein, beta-carotene, and neoxanthin
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decreased in untreated controls, but significantly increased in Chlorella and Signature treated
plants (Table 5, 5.2), suggesting that carotenoid pigment degradation had been markedly reduced
by applied treatments. Lutein and beta-carotene have previously been shown to increase in the
presence of high irradiance conditions in various species (Li and Walton, 1990; Hansen et al.,
2002). Conversely, overall decreases in lutein and neoxanthin were observed in high irradiance,
but not low irradiance (Rosevear et al., 2001). Emphasized across these experiments, is the
interchangeable nature of these pigments, where one may functionally replace the absence of
another during these responses (McElroy et al., 2006; Baroli et al., 2003; Niyogi et al., 1998).
These results extended to changes in the total carotenoid measurements, where untreated controls
decreased by 15 %, and Chlorella and Signature plants increased significantly by 12 % and 1 %
respectively (Table 5.2). Chlorella treated plants also exhibited increases in the total xanthophyll
cycle pigments violaxanthin, zeaxanthin, and antheraxanthin, which were found to be
significantly greater than untreated controls, where slight decreases occurred (Table 5).
Across the experiments, increases in irradiance were followed by increases in zeaxanthin
and antheraxanthin and decreases in violaxanthin across all treatments. This flux, or reallocation,
of pigment resources in the xanthophyll cycle pool helps to better protect the plant under
conditions of supraoptimal irradiance (Demmig-Adams et al., 1996). This phenomenon reflects
the previous findings of McElroy et al. (2006), where bentgrass experienced similar increases in
zeaxanthin and antheraxanthin and decreases in violaxanthin following 168 h of exposure to high
irradiance (McElroy et al., 2006). The overall absence of significant differences between changes
in these treatments indicates that the pigments were not capable of limiting the stress responses
exhibited by the plant when subjected to these levels of PAR and UV light increases.
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CHAPTER 2
EFFECT OF PIGMENTS ON THE TRANSMISSION SPECTRA OF UV AND VISIBLE
LIGHT.
INTRODUCTION
Commercial Pigments
In recent years there has been an increased interest in the utilization of pigments in the
field of turfgrass science. In 2004, a patent was filed for the commercial use of Pigment Green 7,
a polychlorinated form of copper phthalocyanine, on turfgrass plants. Under supraoptimal heat
stress, creeping bentgrass (Agrostis palustris) plants treated with copper phthalocyanine showed
increases in quality, chlorophyll content, carotenoid content, and photochemical efficiency when
compared to controls (Norton et al., 2004).
Copper phthalocyanine, specifically Pigment Green 7 (chlorinated copper
phthalocyanine), has a long history of application across many industries. It has mainly seen use
in outdoor paints due to its increased dispersibility, light fastness, heat stability, and durability
(Kadish et al., 2003; Tracton, 2006). These properties make it unlikely that Cu is rendered
available to the plant following application. This is supported by the visible presence of synthetic
pigment in the HPLC analysis (See Chapter 1) following weeklong high light treatment,
suggesting that the pigment molecules did not break down, and thus did not render Cu available
for uptake in the plant.
Recently, copper phthalocyanine has begun to see use as a photosensitizer in dyesensitized organic solar cells (Huang et al., 2009; Chu et al., 2006; Tripathi et al., 2008). This use
can be attributed to the structural and spectroscopic similarities of copper phthalocyanine to plant
chlorophyll compounds (Ludwig et al.,1994; Karan et al., 2007; Bohn and Walczyk, 2004). This
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has resulted in many experiments evaluating their efficiency in harvesting solar energy (Farag,
2007).
Copper phthalocyanine (phthalocyanine blue) and chlorinated copper phthalocyanine
(phthalocyanine green) are pigments known for their excellent light and heat stability, allowing
them to maintain structure under outdoor conditions. In general, all copper phthalocyanines are
considered weakly scattering pigments, with strong absorption in the red to near-infrared (NIR)
portions between 500 and 700 nm, the UV region between 300 and 400 nm, and equally strong
fluorescence in the UV-B between 350 and 500 nm (Levinson et al., 2005a; Levinson et al.,
2005b). Its UV-B absorption and fluorescence spectrum strongly overlap the emission band of
UV light capable of high photoinhibition efficiency in the excitation of Mn in the OEC between
300 and 500 nm (Levinson et al., 2005a; Levinson et al., 2005b; Bigger and Delatycki, 1989;
Saron et al., 2006; Hakala et al., 2005). Plants are only able to reflect very small amounts of UV
radiation (~3%) (Larcher, 2003). Copper phthalocyanine’s ability to attenuate extremely high
levels of incident high energy light with minimal scattering, may allow it to effectively reduce
levels of creeping bentgrass photoinhibition. By adjusting the density at which the pigment is
applied via a carrier (i.e. water), the level of incident light attenuation can be adjusted to meet the
high light avoidance needs of the plant (Norton et al., 2004). The largest dip in light attenuation
by copper phthalocyanine occurs at 550 nm, allowing it to closely mimic the action spectrum of
photosynthesis, and have a green color (McDonald, 2003; Saron et al., 2006). Phthalocyanine
blue and phthalocyanine green are both insoluble, taking the appearance of powders. The weak
scattering properties of the copper phthalocyanines are due to their small particle size, which is
typically 120 nm in diameter (Levinson et al., 2005b).
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Pigments more capable of reflecting NIR light are much cooler in sunlight that those that
absorb NIR, such as copper phthalocyanines. This has particular importance in roofing, where
the use of roofs with NIR reflecting pigments can significantly reduce building heat gain over
that of roofs utilizing NIR absorbing pigments (Levinson et al., 2005a; Levinson et al., 2005b).
This has led to the identification of dark colored pigments that have the ability to reflect infrared
heat-building rays to the same degree that a white roof would (Miller et al., 2004). Copper
phthalocyanine is considered to be an absorber of NIR light, and thus is more capable of heat
build-up (Levinson et al., 2005a; Day and Williams, 1965).
The ability of these pigments to improve plant quality under light is possibly
accomplished through reducing the quality or the quantity of the intercepted irradiance. The
purpose of this study is to determine which wavelengths of light these pigments are affecting.
MATERIALS AND METHODS
Measurement of Pigment/Light Interactions
The role of exogenously applied pigments in the adaxial attenuation, filtration, and/or
alteration of incoming light were studied independent of creeping bentgrass application. Sterile
polystyrene petri dishes were placed under the same UV and PAR lights used in the bentgrass
chamber experiments (See Chapter 1). Treatments of Signature (12.2 kg ha-1), Chlorella (48.8 kg
ha-1), and a water control were applied to Fisherbrand sterile polystyrene petri dishes (Fisher
Scientific, Hamptom, NH) placed randomly throughout the growth chamber and left to dry for
one hour. The treatments were applied using a handheld pressurized sprayer (Preval, Precision
Valve Corporation, Yonkers, NY) calibrated to deliver 794.4 L ha-1 at 15.2 cm above the plant.
A spectroradiometer (PORTA-LIBS EPP2000, StellarNet, Tampa, FL) was positioned subjacent
to the petri dishes at a random point in order to measure incident levels of UV-B (280 to 315 nm)
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and PAR (400 to 700 nm) photon flux (µmols s-1m-2) measurements before and after pigment
application. A completely random design with four replications was used. Data were analyzed
through analysis of variance using the PROC MIXED procedure in SAS 9.2 (SAS Institute,
Cary, NC), and least squares means compared using the Least Significant Difference method
(p=0.05).
In order to accurately measure any spectral changes caused by the pigments, the
spectroradiometer, active in the wavelength range of 200 to 1150 nm (PORTA-LIBS EPP2000,
StellarNet, Tampa, FL), was also used to take images of the light transmittance spectrums using
SpectraWiz (StellarNet, Tampa, FL) and Essential FTIR (Operant LLC, Sarasota, FL) software.
Average spectral irradiance measurements were taken before and after pigment application to the
surface of the petri dishes. The petri dishes had little effect on the spectroscopic characteristics of
UV and PAR light treatments (Figures 4, 5).
RESULTS AND DISCUSSION
Spectral imaging of the UV and visible light spectrums used in the chamber experiments
demonstrated differences in both the UV and PAR regions of the wavelength spectrum (Figure
1). Under high UV light, there was an increase in peak absorbance between 300 and 400 nm
when compared to that of the visible light treatment, where larger characteristic peaks in the
PAR region allowed for greater absorbance above 480 nm. These results coincide with the
previous photon flux measurements in the chamber experiment (See Chapter 1).
Visible Light
Spectroradiometer measurements of visible light transmission through petri dishes treated
with Chlorella and Signature pigments demonstrated decreases in photon flux when compared to
that of petri dish controls. When transmitted through applications of Chlorella, spectral imaging
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showed noticeable decreases across multiple wavelength bands of the spectrum, with the largest
decreases occurring between 480 and 580 nm (Figure 2). However, when visible light was
transmitted through applications of Signature, spectral imaging showed little difference in the
wavelengths of transmitted light when compared to that of controls (Figure 2). This improved
ability of Chlorella to filter visible light was shown to be significant in PAR photon flux
transmittance measurements (Table 8).
UV Light
Spectral imaging of UV light transmission through petri dishes treated with Chlorella
pigments also demonstrated localized decreases in the transmission of light, with the greatest
occurring in the UV-B (280-315 nm) and UV-A (315-400 nm) regions of the spectrum (Figure
3). Conversely, Signature demonstrated very minor influences across these wavelengths (Figure
3). The photon flux decreases in the UV-B portion of the spectrum were shown to be
significantly greater in measurements of Chlorella treated petri dishes when compared to
Signature and the control (Table 8).
The results of the spectral imaging (Figures 2, 3) were in agreement with the quantitative
amounts of UV and visible light photon flux changes (Table 8). In this experiment, both
Signature and Chlorella were observed to reduce the levels of PAR and UV photon flux
transmittance when compared to controls, where Chlorella demonstrated significantly lower
light transmission than Signature under both high UV-B and PAR light. The roles of copper
phthalocyanine in UV-B light absorbance are in agreement with previous findings (Levinson et
al., 2005a; Levinson et al., 2005b). However, these results show significantly greater decreases
in UV-B light transmittance by Chlorella when compared to Signature (Table 8). Considering
that reduced pigment degradation was observed following Chlorella treatment (Chapter 1), data
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in the current study suggest that retardation of UV light by Chlorella may be a mechanism
preventing pigment degradation.
Conclusions
Under these high UV and PAR light treatments, Chlorella, when applied exogenously at
a rate of 48.8 kg ha-1, causes a reduction in the transmission of UV light between 300 and 400
nm and PAR between 480 and 580 nm, which reduces chlorophyll and carotenoid degradation
under UV, but not PAR light (Figure 6). However, these effects do not extend to a measurable
change in bentgrass stress response, as it relates to the buildup of xanthophyll cycle pigments.
The method through which Signature reduces total carotenoid degradation under UV light, as
observed in HPLC, was not readily apparent from spectral imaging, where levels of UV light
between 300 and 400 nm remained largely unaffected. Signature did display a significant
reduction in UV-B photon flux transmission, however the transmitted light was still significantly
greater than that of Chlorella, suggesting that the reduced filtration of light by Signature was
enough to prevent carotenoid, but not chlorophyll, degradation under UV light (Figure 7).
Signature’s ability to improve plant quality, as previously shown by Norton et al. (2004), may
best be attributed to a mechanism of heat avoidance. Consequently, more research is needed if
turfgrass reseachers are to draw definitive inferences about the relationships that exist between
pigment applications incorporating copper phthalocyanine and photoprotection from high-energy
light.

30

LIST OF REFERENCES

31

Abu-Hamdeh, N. H., & Reeder, R. C. (2000). Soil thermal conductivity: Effects of density,
moisture, salt concentration, and organic matter. Soil Science Society of America Journal,
64(4), 1285-1290.
Allakhverdiev, S. I., & Murata, N. (2004). Environmental stress inhibits the synthesis de novo of
proteins involved in the photodamage-repair cycle of photosystem II in Synechocystis sp.
PCC 6803. Biochimica et Biophysica Acta (BBA)-Bioenergetics, 1657(1), 23-32.
Anderson, J. M., & Andersson, B. (1988). The dynamic photosynthetic membrane and regulation
of solar energy conversion. Trends in Biochemical Sciences, 13(9), 351-355.
Anderson, J. M., Park, Y.-I., & Chow, W. S. (1998). Unifying model for the photoinactivation of
Photosystem II in vivo under steady-state photosynthesis. Photosynthesis Research,
56(1), 1-13.
Apel, K., & Hirt, H. (2004). REACTIVE OXYGEN SPECIES: Metabolism, Oxidative Stress,
and Signal Transduction. Annual Review of Plant Biology, 55(1), 373-399.
Aro, E.-M., Suorsa, M., Rokka, A., Allahverdiyeva, Y., Paakkarinen, V., Saleem, A., . . .
Rintamäki, E. (2005). Dynamics of photosystem II: a proteomic approach to thylakoid
protein complexes. Journal of Experimental Botany, 56(411), 347-356.
Asada, K. (1999). The water-water cycle in chloroplasts: scavenging of active oxygens and
dissipation of excess photons. Annual Review of Plant Biology, 50(1), 601-639.
ASTM, G. 173-03. (2003). Standard Tables for Reference Solar Spectral Irradiances: Direct
Normal and Hemispherical on 37o Tilted Surface.
Atwell, B. J., Kriedemann, P. E., & Turnbull, C. G. N. (1999). Plants in action: adaptation in
nature, performance in cultivation: Macmillan Co of Australia.

32

Barber, J. (2008). Crystal Structure of the Oxygen-Evolving Complex of Photosystem II.
Inorganic Chemistry, 47(6), 1700-1710.
Baroli, I., Do, A. D., Yamane, T., & Niyogi, K. K. (2003). Zeaxanthin Accumulation in the
Absence of a Functional Xanthophyll Cycle Protects Chlamydomonas reinhardtii from
Photooxidative Stress. The Plant Cell Online, 15(4), 992-1008.
Beard, J. B. (1973). Turfgrass: Science and culture: Prentice Hall Upper Saddle River, NJ.
Beijerinck, M.W., 1890. Kulturversuche mit Zoochloren, Lichenengonidien und anderen
niederen Algen. Bot. Ztg. 48, 725–785.
Bigger, S. W., & Delatycki, O. (1989). The effects of pigments on the photostability of
polyethylene. Journal of materials science, 24(6), 1946-1952.
Bohn, T., & Walczyk, T. (2004). Determination of chlorophyll in plant samples by liquid
chromatography using zinc–phthalocyanine as an internal standard. Journal of
chromatography A, 1024(1), 123-128.
Bohr, N. (1949). Discussion with Einstein on epistemological problems in atomic physics:
University of Copenhagen.
Bornman, J., Reuber, S., Cen, Y., & Weissenböck, G. (1997). Ultraviolet radiation as a stress
factor and the role of protective pigments.
Bristow, K., & Horton, R. (1996). Modeling the impact of partial surface mulch on soil heat and
water flow. Theoretical and Applied Climatology, 54(1), 85-98.
Campbell, G. S., Jungbauer, J. D. J., Bidlake, W. R., & Hungerford, R. D. (1994). Predicting the
Effect of Temperature on Soil Thermal Conductivity. Soil Science, 158(5), 307-313.
Carrow, R. N. (1996). Summer decline of bentgrass greens. Golf Course Management, 64(6), 5156.

33

Carrow, R. N. (2004). Surface organic matter in creeping bentgrass greens. Golf Course
Management, 72(5), 96-101.
Cha, K. H., Koo, S. Y., & Lee, D. U. (2008). Antiproliferative effects of carotenoids extracted
from Chlorella ellipsoidea and Chlorella vulgaris on human colon cancer cells. Journal of
agricultural and food chemistry, 56(22), 10521-10526.
Chalker-Scott, L. (2002). Do anthocyanins function as osmoregulators in leaf tissues? Advances
in Botanical Research, 37, 103-127.
Chu, C. W., Shrotriya, V., Li, G., & Yang, Y. (2006). Tuning acceptor energy level for efficient
charge collection in copper-phthalocyanine-based organic solar cells. Applied physics
letters, 88, 153504.
Close, D., & Beadle, C. (2003). The ecophysiology of foliar anthocyanin. The Botanical Review,
69(2), 149-161.
Cornic, G., & Ghashghaie, J. (1991). Effect of temperature on net CO 2 assimilation and
photosystem II quantum yield of electron transfer of French bean (Phaseolus vulgaris L.)
leaves during drought stress. Planta, 185(2), 255-260.
Day, P., & Williams, R. (1965). Photoconductivity of Copper Phthalocyanine in the Near
Infrared. The Journal of Chemical Physics, 42, 4049.
Demmig-Adams, B., & Adams III, W. W. (1996). The role of xanthophyll cycle carotenoids in
the protection of photosynthesis. Trends in Plant Science, 1(1), 21-26.
Dernoeden, P. H. (2000). Creeping bentgrass management: summer stresses, weeds, and
selected maladies: Wiley.

34

DeRose, V. J., Mukerji, I., Latimer, M. J., Yachandra, V. K., Sauer, K., & Klein, M. P. (1994).
Comparison of the Mn Oxygen-Evolving Complex in Photosystem II of Spinach and
Synechococcus sp. with Multinuclear Mn Model Compounds by X-ray Absorption
Spectroscopy. Journal of the American Chemical Society, 116(12), 5239-5249.
Diffey, B. L. (2002). What is light? Photodermatology, Photoimmunology & Photomedicine,
18(2), 68-74.
Duysens, L., & Amesz, J. (1962). Function and identification of two photochemical systems in
photosynthesis. Biochimica et Biophysica Acta, 64(2), 243-260.
Ervin, E. H., Zhang, X., & Fike, J. H. (2004). Ultraviolet-B radiation damage on Kentucky
bluegrass. I. Antioxidant and colorant effects. HortScience, 39(6), 1465-1470.
Farag, A. (2007). Optical absorption studies of copper phthalocyanine thin films. Optics & laser
Technology, 39(4), 728-732.
Forbes, J. C., & Watson, R. D. (1992). Plants in agriculture: Cambridge Univ Pr.
Gates, D. M. (1965). Energy, Plants, and Ecology. Ecology, 46(1/2), 1-13.
Geiger, D. R., & Servaites, J. C. (1994). Diurnal regulation of photosynthetic carbon metabolism
in C3 plants. Annual review of plant biology, 45(1), 235-256.
Glazer, A. (1989). Light guides. Directional energy transfer in a photosynthetic antenna. J Biol
Chem, 264(1), 1-4.
Görs, M., Schumann, R., Hepperle, D., & Karsten, U. (2010). Quality analysis of commercial
Chlorella products used as dietary supplement in human nutrition. Journal of Applied
Phycology, 22(3), 265-276.
Gould, K. (2010). Muriel Wheldale Onslow and the Rediscovery of Anthocyanin Function in
Plants. Recent Advances in Polyphenol Research, 206.

35

Gould, K., McKelvie, J., & Markham, K. (2002). Do anthocyanins function as antioxidants in
leaves? Imaging of H2O2 in red and green leaves after mechanical injury. Plant, Cell &
Environment, 25(10), 1261-1269.
Gounaris, K., Mannock, D. A., Sen, A., Brain, A. P. R., Williams, W. P., & Quinn, P. J. (1983).
Polyunsaturated fatty acyl residues of galactolipids are involved in the control of
bilayer/non-bilayer lipid transitions in higher plant chloroplasts. Biochimica et
Biophysica Acta (BBA) - Biomembranes, 732(1), 229-242.
Hakala, M., Tuominen, I., Keränen, M., Tyystjärvi, T., & Tyystjärvi, E. (2005). Evidence for the
role of the oxygen-evolving Mn complex in photoinhibition of Photosystem II.
Biochimica et Biophysica Acta (BBA) - Bioenergetics, 1706(1-2), 68-80.
Han, Y. J., Kim, Y. M., Lee, J. Y., Kim, S. J., Cho, K. C., Chandrasekhar, T., . . . Kim, J. I.
(2009). Production of purple-colored creeping bentgrass using maize transcription factor
genes Pl and Lc through Agrobacterium-mediated transformation. Plant cell reports,
28(3), 397-406.
Hansen, U., B. Fiedler, and B. Rank. (2002). Variation of pigment com- position and
antioxidative systems along the canopy light gradient in a mixed beech/oak forest: A
comparative study on deciduous tree species differing in shade tolerance. Trees (Berlin)
16:354–364.
Harborne, J. B., & Smith, D. M. (1978). Correlations between anthocyanin chemistry and
pollination ecology in the polemoniaceae. Biochemical Systematics and Ecology, 6(2),
127-130.

36

Hashimoto, T., Shichijo, C. and Yatsuhashi, H. (1991) Ultraviolet action spectra for the
induction and inhibition of anthocyanin synthesis in broom sorghum seedlings, J.
Photochem. Photobiol. 11, 353–363
Hawley, A. J. (1971). Remote Sensing: With Special Reference to Agriculture and Forestry (Vol.
61, pp. 316-318): JSTOR.
Hernández, I., Alegre, L., Van Breusegem, F., & Munné-Bosch, S. (2009). How relevant are
flavonoids as antioxidants in plants? Trends in Plant Science, 14(3), 125-132.
Hipskind, J., Wood, K., & Nicholson, R. (1996). Localized stimulation of anthocyanin
accumulation and delineation of pathogen ingress in maize genetically resistant to
Bipolaris maydisrace O. Physiological and Molecular Plant Pathology, 49(4), 247-256.
Hoch, W., Singsaas, E., & McCown, B. (2003). Resorption protection. Anthocyanins facilitate
nutrient recovery in autumn by shielding leaves from potentially damaging light levels.
Plant physiology, 133(3), 1296.
Hormaetxe, K., Becerril, J. M., Fleck, I., Pintó, M., & García-Plazaola, J. I. (2005). Functional
role of red (retro)-carotenoids as passive light filters in the leaves of Buxus sempervirens
L.: increased protection of photosynthetic tissues? Journal of Experimental Botany,
56(420), 2629-2636.
Huang, J., Yu, J., Lin, H., & Jiang, Y. (2009). Detailed analysis of bathocuproine layer for
organic solar cells based on copper phthalocyanine and C60. Journal of Applied Physics,
105(7), 073105-073105-073105.
Hudson, R., & Shane, S. (1994). Organic matter comparison of wettable and nonwettable soils
from bentgrass sand greens. Soil Science Society of America Journal, 58(2), 361.

37

Hughes, N. M., & Smith, W. K. (2007). Attenuation of incident light in Galax urceolata
(Diapensiaceae): concerted influence of adaxial and abaxial anthocyanic layers on
photoprotection. Am. J. Bot., 94(5), 784-790.
Hummel, N. (1993). Rationale for the revisions of the USGA green construction specifications.
USGA Green Section Record. March/April, 7-21.
Jansen, M. A. K., Gaba, V., & Greenberg, B. M. (1998). Higher plants and UV-B radiation:
balancing damage, repair and acclimation. Trends in Plant Science, 3(4), 131-135.
Kadish, K. M., Smith, K. M., & Guilard, R. (2003). The Porphyrin Handbook: Applications of
phthalocyanines: Academic Pr.
Kangatharalingam, N., Pierce, M. L., Bayles, M. B., & Essenberg, M. (2002). Epidermal
anthocyanin production as an indicator of bacterial blight resistance in cotton.
Physiological and Molecular Plant Pathology, 61(3), 189-195.
Kanno, T. (2005). Chlorella Vulgaris and Chlorella Vulgaris Extract (CVE): The Powerful
Japanese Medicinal Green Algae as a Biological Response Modifier: Woodland
Publishing.
Karageorgou, P., & Manetas, Y. (2006). The importance of being red when young: anthocyanins
and the protection of young leaves of Quercus coccifera from insect herbivory and excess
light. Tree Physiology, 26(5), 613.
Karan, S., Basak, D., & Mallik, B. (2007). Copper phthalocyanine nanoparticles and
nanoflowers. Chemical physics letters, 434(4), 265-270.
Knipling, E. B. (1970). Physical and physiological basis for the reflectance of visible and nearinfrared radiation from vegetation. Remote Sensing of Environment, 1(3), 155-159.

38

Kondo, N., & Kawashima, M. (2000). Enhancement of the tolerance to oxidative stress in
cucumber (Cucumis sativus L.) seedlings by UV-B irradiation: possible involvement of
phenolic compounds and antioxidative enzymes. Journal of Plant Research, 113(3), 311317.
Kopsell, D.A., J.S. McElroy, C.E. Sams, and D.E. Kopsell. (2007). Genetic variation in
carotenoid concentrations among diploid and amphidiploid Brassica species.
HortScience 42:461–465.
Kuo, S., Brauen, S., & Jellum, E. (1992). The effects of aluminum and phosphate on the growth
of annual bluegrass and bentgrass in some acidic western Washington soils. Soil Science,
153(5), 365.
Larcher, W. (2003). Physiological plant ecology: ecophysiology and stress physiology of
functional groups: Springer Verlag.
Larkindale, J., & Huang, B. (2004). Changes of lipid composition and saturation level in leaves
and roots for heat-stressed and heat-acclimated creeping bentgrass (Agrostis stolonifera).
Environmental and Experimental Botany, 51(1), 57-67.
Larkindale, J., & Knight, M. R. (2002). Protection against Heat Stress-Induced Oxidative
Damage in Arabidopsis Involves Calcium, Abscisic Acid, Ethylene, and Salicylic Acid.
Plant physiology, 128(2), 682-695.
Larson, R. A. (1988). The antioxidants of higher plants. Phytochemistry, 27(4), 969-978.
Lefsrud, M. G., Sorochan, J. C., Kopsell, D. A., & McElroy, J. S. (2010). Pigment
Concentrations among Heat-tolerant Turfgrasses. HortScience, 45, 650-653.

39

Levinson, R., Berdahl, P., & Akbari, H. (2005a). Solar spectral optical properties of pigments-part I: model for deriving scattering and absorption coefficients from transmittance and
reflectance measurements. Solar Energy Materials and Solar Cells, 89(4), 319-349.
Levinson, R., Berdahl, P., & Akbari, H. (2005b). Solar spectral optical properties of pigments-part II: survey of common colorants. Solar Energy Materials and Solar Cells, 89(4), 351389.
Ley, A. C., & Mauzerall, D. C. (1982). Absolute absorption cross-sections for Photosystem II
and the minimum quantum requirement for photosynthesis in Chlorella vulgaris.
Biochimica et Biophysica Acta (BBA) - Bioenergetics, 680(1), 95-106.
Li, Y., and D.C. Walton. (1990). Violaxanthin is an abscisic acid pre- cursor in water-stressed
dark-grown bean leaves. Plant Physiol. 92: 551–559.
Liu, X., & Huang, B. (2000). Heat Stress Injury in Relation to Membrane Lipid Peroxidation in
Creeping Bentgrass. Crop Sci., 40(2), 503-510.
Liu, X., & Huang, B. (2008). Photosynthetic acclimation to high temperatures associated with
heat tolerance in creeping bentgrass. Journal of plant physiology, 165(18), 1947-1953.
Loughrin, J. H., & Kasperbauer, M. J. (2003). Aroma Content of Fresh Basil (Ocimum basilicum
L.) Leaves Is Affected by Light Reflected from Colored Mulches. Journal of Agricultural
and Food Chemistry, 51(8), 2272-2276.
Ludwig, C., Strohmaier, R., Petersen, J., Gompf, B., & Eisenmenger, W. (1994). Epitaxy and
scanning tunneling microscopy image contrast of copper–phthalocyanine on graphite and
MoS2. Journal of Vacuum Science & Technology B: Microelectronics and Nanometer
Structures, 12(3), 1963-1966.

40

McCree, K. J. (1971). The action spectrum, absorptance and quantum yield of photosynthesis in
crop plants. Agricultural Meteorology, 9, 191-216.
McCurdy, J. D., McElroy, J. S., Kopsell, D. A., Sams, C. E., & Sorochan, J. C. (2008). Effects of
Mesotrione on Perennial Ryegrass (Lolium perenne L.) Carotenoid Concentrations under
Varying Environmental Conditions. Journal of agricultural and food chemistry, 56(19),
9133-9139.
McDonald, M. S. (2003). Photobiology of higher plants: John Wiley & Sons Inc.
McElroy, J. S., Kopsell, D. A., Sorochan, J. C., & Sams, C. E. (2006). Response of Creeping
Bentgrass Carotenoid Composition to High and Low Irradiance. Crop Sci., 46(6), 26062612.
Merzlyak, M., Melo, T., & Naqvi, K. (2008). Effect of anthocyanins, carotenoids, and flavonols
on chlorophyll fluorescence excitation spectra in apple fruit: signature analysis,
assessment, modelling, and relevance to photoprotection. Journal of Experimental
Botany, 59(2), 349.
Miller, W., Akbari, H., Levinson, R., & Berdahl, P. (2004). Special infrared reflective pigments
make a dark roof reflect almost like a white roof. Thermal Performance of the Exterior
Envelopes of Buildings, Ⅸ, Proceedings of ASHRAE THERM Ⅷ, Clearwater, FL.
Mitsuda, H., Nishikawa, Y., Higuchi, M., Nakajima, K., & Kawai, F. (1977). Effect of the
breaking of Chlorella cells on the digestibility of Chlorella protein. J Jpn Soc Food Nutr,
30, 93-98.
Moore, J. F. (2004). Revising the USGA’s recommendations for a method of putting green
construction. USGA Green Section Record, 42(3), 1-4.

41

Muller, P., Li, X. P., & Niyogi, K. K. (2001). Non-photochemical quenching. A response to
excess light energy. Plant physiology, 125(4), 1558.
Nishio, J. N. (2000). Why are higher plants green? Evolution of the higher plant photosynthetic
pigment complement. Plant, Cell & Environment, 23(6), 539-548.
Nishiyama, Y., Yamamoto, H., Allakhverdiev, S. I., Inaba, M., Yokota, A., & Murata, N. (2001).
Oxidative stress inhibits the repair of photodamage to the photosynthetic machinery.
[10.1093/emboj/20.20.5587]. EMBO J, 20(20), 5587-5594.
Niyogi, K.K., A.R. Grossman, and O. Bjorkman. 1998. Arabidopsis mutants define a central role
for the xanthophyll cycle in the regulation of photosynthetic energy conversion. Plant
Cell 10: 1121–1134.
Norton, L. H., Hanrahan, R. K., & Spak, D. R. (2004). Method of improving turfgrass quality:
US Patent App. 20,050/181,949.
Ohnishi, N., Allakhverdiev, S. I., Takahashi, S., Higashi, S., Watanabe, M., Nishiyama, Y., &
Murata, N. (2005). Two-Step Mechanism of Photodamage to Photosystem II:   Step 1
Occurs at the Oxygen-Evolving Complex and Step 2 Occurs at the Photochemical
Reaction Center†. Biochemistry, 44(23), 8494-8499.
Pallardy, S. G., & Kozlowski, T. T. (2008). Physiology of woody plants: Academic Press.
Pérez-Rodríguez, E., Gómez, I., Karsten, U., & Figueroa, F. L. (1998). Effects of UV radiation
on photosynthesis and excretion of UV-absorbing compounds of Dasycladus vermicularis
(Dasycladales, Chlorophyta) from southern Spain. Phycologia, 37(5), 379-387.
Planck, M. (1989). The theory of heat radiation: Amer Inst of Physics.
Powles, S. B. (1984). Photoinhibition of Photosynthesis Induced by Visible Light. Annual
Review of Plant Physiology, 35(1), 15-44.

42

Prasad, M. N. V. (1997). Plant ecophysiology: Wiley.
Rao, M. V., Paliyath, G., & Ormrod, D. P. (1996). Ultraviolet-B-and ozone-induced biochemical
changes in antioxidant enzymes of Arabidopsis thaliana. Plant Physiology, 110(1), 125136.
Rawson, H., Begg, J., & Woodward, R. (1977). The effect of atmospheric humidity on
photosynthesis, transpiration and water use efficiency of leaves of several plant species.
Planta, 134(1), 5-10.
Reger, B. J., & Krauss, R. W. (1970). The Photosynthetic Response to a Shift in the Chlorophyll
a to Chlorophyll b Ratio of Chlorella. Plant Physiology, 46(4), 568-575.
Rice-Evans, C., Miller, N., & Paganga, G. (1997). Antioxidant properties of phenolic
compounds. Trends in Plant Science, 2(4), 152-159.
Richardson, M., & DE Purcell, L. (2001). Quantifying turfgrass cover using digital image analysis. Crop
Science, 41(6), 1884.
Rosevear, M.J., A.J. Young, and G.N. Johnson. 2001. Growth condi- tions are more important
than species origin in determining leaf pigment content of British plant species. Funct.
Ecol. 15:474–480.
Roy, A. K., Sharma, A., & Talukder, G. (1988). Some aspects of aluminum toxicity in plants.
The botanical review, 54(2), 145-178.
Sandmann, G. 2001. Genetic manipulation of carotenoid biosynthesis: Strategies, problems and
achievements. Trends Plant Sci. 6:14–17.
Saron, C., Zulli, F., Giordano, M., & Felisberti, M. I. (2006). Influence of copper-phthalocyanine
on the photodegradation of polycarbonate. Polymer degradation and stability, 91(12),
3301-3311.

43

Scragg, A. H., Illman, A. M., Carden, A., & Shales, S. W. (2002). Growth of microalgae with
increased calorific values in a tubular bioreactor. Biomass and Bioenergy, 23(1), 67-73.
Shibata, S., & Hayakawa, K. (2009). Bioavailability of Lutein in Chlorella Powder: A Single
Ingestion of Chlorella Powder Raises Serum Lutein Concentrations in Healthy Human
Volunteers. Food science and technology research, 15(4), 449-452.
Siefermann-Harms, D. (1987). The light-harvesting and protective functions of carotenoids in
photosynthetic membranes. Physiologia Plantarum, 69(3), 561-568.
Smith, J. H. C., & French, C. S. (1963). The Major and Accessory Pigments in Photosynthesis.
Annual Review of Plant Physiology, 14(1), 181-224.
Solovchenko, A., & Merzlyak, M. (2008). Screening of visible and UV radiation as a
photoprotective mechanism in plants. Russian Journal of Plant Physiology, 55(6), 719737.
Song, Y., Liu, B., Wang, L., Li, M., & Liu, Y. (2006). Damage to the oxygen-evolving complex
by superoxide anion, hydrogen peroxide, and hydroxyl radical in photoinhibition of
photosystem II. Photosynthesis Research, 90(1), 67-78.
Steyn, W. J., Wand, S. J. E., Holcroft, D. M., & Jacobs, G. (2002). Anthocyanins in vegetative
tissues: a proposed unified function in photoprotection. New Phytologist, 155(3), 349361.
Sun, J., Nishio, J. N., & Vogelmann, T. C. (1996). High-light effects on CO2 fixation gradients
across leaves. Plant, Cell & Environment, 19(11), 1261-1271.
Sundby, C., McCaffery, S., & Anderson, J. M. (1993). Turnover of the photosystem II D1
protein in higher plants under photoinhibitory and nonphotoinhibitory irradiance. Journal
of Biological Chemistry, 268(34), 25476-25482.

44

Symeonidis, L., Abou Auda, M., & Yupsanis, T. (2004). Aluminium toxicity effects on Cucumis
melo and response of diphosphonucleoside kinases. BIOLOGIA-BRATISLAVA-, 59(1),
133-139.
Takahashi, S., & Badger, M. R. (2010). Photoprotection in plants: a new light on photosystem II
damage. Trends in Plant Science.
Takahashi, S., & Murata, N. (2005). Interruption of the Calvin cycle inhibits the repair of
photosystem II from photodamage. Biochimica et Biophysica Acta (BBA)-Bioenergetics,
1708(3), 352-361.
Takahashi, S., Milward, S. E., Yamori, W., Evans, J. R., Hillier, W., & Badger, M. R. (2010).
The solar action spectrum of photosystem II damage. Plant Physiol., pp.110.155747.
Tallis, M., Lin, Y., Rogers, A., Zhang, J., Street, N., Miglietta, F., . . . Taylor, G. (2010). The
transcriptome of Populus in elevated CO2 reveals increased anthocyanin biosynthesis
during delayed autumnal senescence. New Phytologist, 186(2), 415-428.
Tarara, J. M. (2000). Microclimate modification with plastic mulch. HortScience, 35(2), 169180.
Taulavuori, E., Tahkokorpi, M., Laine, K., & Taulavuori, K. (2010). Drought tolerance of
juvenile and mature leaves of a deciduous dwarf shrub Vaccinium myrtillus L. in a boreal
environment. Protoplasma, 241(1), 19-27.
Terao, J. (1999). Dietary flavonoids as antioxidants in vivo: conjugated metabolites of (-)epicatechin and quercetin participate in antioxidative defense in blood plasma. Journal of
Medical Investigation, 46(3/4), 159-168.

45

Thomas, P. G., Dominy, P. J., Vigh, L., Mansourian, A. R., Quinn, P. J., & Williams, W. P.
(1986). Increased thermal stability of pigment-protein complexes of pea thylakoids
following catalytic hydrogenation of membrane lipids. Biochimica et Biophysica Acta
(BBA) - Bioenergetics, 849(1), 131-140.
Tracton, A. A. (2006). Coatings materials and surface coatings: CRC.
Tripathi, V., Datta, D., Samal, G., Awasthi, A., & Kumar, S. (2008). Role of exciton blocking
layers in improving efficiency of copper phthalocyanine based organic solar cells.
Journal of Non-Crystalline Solids, 354(19-25), 2901-2904.
Tyystjärvi, E. (2008). Photoinhibition of Photosystem II and photodamage of the oxygen
evolving Mn cluster. Coordination Chemistry Reviews, 252(3-4), 361-376.
van Wijk, K. J., Roobol-Boza, M., Kettunen, R., Andersson, B., & Aros, E. M. (1997). Synthesis
and Assembly of the D1 Protein into Photosystem II: Processing of the C-Terminus and
Identification of the Initial Assembly Partners and Complexes during Photosystem II
Repair†. Biochemistry, 36(20), 6178-6186.
Vogelman, T. C., Nishio, J. N., & Smith, W. K. (1996). Leaves and light capture: Light
propagation and gradients of carbon fixation within leaves. Trends in Plant Science, 1(2),
65-70.
Warnke, S. (2003). Creeping bentgrass (Agrostis stolonifera L.). Turfgrass Biology, Genetics,
and Breeding, 175-185.
Wei, Z., Cady, C. W., Brudvig, G. W., & Hou, H. J. M. (2011). Photodamage of a Mn (III/IV)oxo mixed-valence compound and photosystem II: Evidence that a high-valent Mn
species is responsible for UV-induced photodamage of the oxygen-evolving complex in
photosystem II. Journal of Photochemistry and Photobiology B: Biology.

46

Wheldale, M. (1916). The Anthocyanin Pigments of Plants. Cambridge University Press,
Cambridge.
Williams, C. A., & Grayer, R. J. (2004). Anthocyanins and other flavonoids. Natural Product
Reports, 21(4), 539-573.
Xu, Q., & Huang, B. (2000). Effects of Differential Air and Soil Temperature on Carbohydrate
Metabolism in Creeping Bentgrass. Crop Sci., 40(5), 1368-1374.
Xu, Q., & Huang, B. (2001). Lowering Soil Temperatures Improves Creeping Bentgrass Growth
under Heat Stress. Crop Sci., 41(6), 1878-1883.
Yeo, A. R., Caporn, S. J. M., & Flowers, T. J. (1985). The Effect of Salinity upon Photosynthesis
in Rice (Oryza sativa L.): Gas Exchange by Individual Leaves in relation to their Salt
Content. Journal of Experimental Botany, 36(8), 1240-1248.
Yun, Y. S., & Park, J. (2001). Attenuation of monochromatic and polychromatic lights in
Chlorella vulgaris suspensions. Applied microbiology and biotechnology, 55(6), 765770.
Zaripheh, S., and J.W. Erdman, Jr. 2002. Factors that influence the bioavailability of
xanthophylls. J. Nutr. 132:531S–534S.
Zhang, X., Ervin, E., & Schmidt, R. (2005). The role of leaf pigment and antioxidant levels in
UV-B resistance of dark-and light-green Kentucky bluegrass cultivars. Journal of the
American Society for Horticultural Science, 130(6), 836-841.
Zuber, H. (1986). Structure of light-harvesting antenna complexes of photosynthetic bacteria,
cyanobacteria and red algae. Trends in Biochemical Sciences, 11(10), 414-419.

47

APPENDIX

48

PRELIMINARY RESEARCH
Field Trial
A preliminary field trial was conducted during the summer of 2011 on a previously
established, mixed variety, creeping bentgrass putting green constructed with a USGA (United
States Golf Association) specification sand-based root-zone at the East Tennessee Research and
Education Center (Knoxville, TN). This research was performed in order to determine the
applicability of various pigments in the field, and determine potential mechanisms for further
experimentation in a controlled setting. Plants were mown daily at a height of 0.32 cm using a
reel mower. Plants were watered daily using overhead irrigation, and fertilized with urea
Nitrogen (46-0-0) at 12.2 kg N ha-1 once a month during the growing season.
Treatments consisted of pulverized cells of Chlorella vulgaris (Nuts Online, Cranford,
NJ) applied at 48.8 kg ha-1 on a 4-day interval, Signature fungicide (Bayer Environmental
Science, Research Triangle Park, NC) at the label-recommended rate of 12.2 kg ha-1 on a 7-day
interval, and Foursome Turf Pigment (Quali-Pro, Pasadena, TX) at the label-recommended rate
of 1.3 L ha-1 on a 7-day interval. The control treatment consisted of water applied at 815 L ha -1
on a 7-day interval. All treatments were submersed in a water carrier and applied using a CO2
pressurized hand-held boom sprayer with two flatfan nozzles (TeeJet 8004 XR, Spraying
Systems Co., Roswell, GA) spaced 25 cm apart and positioned 25 cm above the spraying
surface. The sprayer was calibrated to deliver 815 L ha-1 of water under a pressure of 193 kPa.
Plots were arranged in a randomized complete block design with each treatment having four
replications.
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Field Data Collection
Visual turf quality, reflectance, and digital image analysis data were collected once prior
to the experiment and 6 weeks following the initiation of treatments. Visual turf quality was
assessed on a scale from 0 to 9, with 0 being the worst and 9 being the best. Canopy reflectance
was measured using a Crop Circle ACS-470 spectrophotometer (Holland Scientific, Lincoln,
NE) calibrated and configured for use with filters 650-40, 760/LWP, and 550-40 set for channels
1, 2, and 3 respectively. Obtained reflectance values were then used to calculate the Normalized
Difference Vegetation Index (NDVI) and Ratio Vegetation Index (RVI). The obtained NDVI and
RVI values were then multiplied by a factor of 10 to denote a rating scale from 0 to 10. Digital
Image Analysis (DIA) was performed once prior to the experiment and 6 weeks following the
initiation of treatments using still pictures taken with a Powershot G-12 Camera (Canon U.S.A.,
Lake Success, NY) calibrated for use in a light box equipped with approximately 120 6500
Kelvin Color Temperature Light-Emitting Diodes (LEDs). The obtained pictures were analyzed
for percent green cover in Sigma Scan Pro 5 (SPSS, Chicago, IL) utilizing the methods described
in Richardson et al. (2001). Analysis of variance was conducted using mixed models in ARM 7
(Gylling Data Management Inc., Brookings, SD), and least squares means were separated using
the Least Significant Difference method (p=0.05).
Results
Analysis of variance in the field trial revealed significant differences in visual quality,
RVI, NDVI, and DIA green cover between treatments (Table 7). All pigment treated plots had
significantly higher visual quality ratings than that of the control, with Foresome and Signature
treated plots measuring higher in quality than those treated with Chlorella. Similar relationships
were detected for green cover. However, only Chlorella treated plots measured higher in NDVI
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and RVI than the control. This could perhaps be attributed to the fact that copper phthalocyanine
based pigments (i.e., Signature and Foresome) absorb NIR which consequently affects NDVI
and RVI measurements (Levinson et al., 2005a; Day & Williams, 1965).
Response with copper phthalocyanine pigments in the current study support previous
findings of Norton et al. (2004) and Ervin et al. (2004), who observed increased cool-season
turfgrass quality when these materials were applied during abiotic stress. From this research, it is
purported that placement of copper phthalocyanine on leaf tissue can effectively screen harmful
light, preventing it from negatively impacting the leaf. Improvements in turf quality using
Chlorella support the idea that the natural pigments found in fractured cells of the green algal
protist species may function in a similar manner.
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Table 1.1. Environmental light conditions during experiments measuring the response of creeping
a

bentgrass (Agrostis palustris) to relatively high UV irradiance in an environmental growth
chamber.

Incidentb

Phase

PAR

Cumulativec

UV

PAR

µmol m-2 s-1

UV

mol m-2 d-1

Acclimation

420.4 (±123.9)

5.80 (±1.53)

18.2

0.25

Treatment

493.9 (±108.6)

106.6 (±5.05)

21.3

4.6

a

Abbreviations: Photosynthetically active radiation, PAR; Ultraviolet, UV.
Incident light values were measured every 30 minutes during the 12 h active photoperiod.
c
Cumulative light values were taken as cumulative average of incident light values over a 24-hour period.
b
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Table 1.2. Environmental light conditions during experiments measuring the response of creeping
bentgrass (Agrostis palustris) to relatively high visible irradiance in an environmental growth
chamber.

Incidentb

Phase

PARa

Cumulativec

UV

PAR

UV

mol m-2 d-1

µmol m-2 s-1

Acclimation

160.8 (±14.16)

0.09 (±0.04)

6.9

0.004

Treatment

760.6 (±94.59)

12.55 (±1.31)

32.6

0.54

a

Abbreviations: Photosynthetically active radiation, PAR; Ultraviolet, UV.
Incident light values were measured every 30 minutes during the 12 h active photoperiod.
c
Cumulative light values were taken as cumulative average of incident light values over a 24-hour period.
b
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Table 2. Environmental temperature conditions during experiments measuring the response of creeping
a

bentgrass (Agrostis palustris) to relatively high UV and visible light in an environmental growth
chamber.

UV light

Phase

Mean

Visible light

High/Low

Mean

High/Low

C˚

Acclimation

19.02 (±3.46)

25/15

20.00 (±5.05)

25/15

Treatment

19.24 (±3.16)

24/15

22.04 (±5.75)

29/15

a

Abbreviation: Ultraviolet, UV.
Temperature and relatively humidity were recorded every 30 minutes and averaged across 24 hours during
each experiment. High and low temperatures were recorded for each phase of the two experiments.
b
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Table 3. First experimental repetition for total chlorophyll (chlorophyll a + b), total xanthophyll cycle
(antheraxanthin + violaxanthin + zeaxanthin), and lutein pigment concentrations in creeping
bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1 week after (Time 1)
f

d

e

treatment with control (794.4 L ha-1), Signature (12.2 kg ha-1), and Chlorella (48.8 kg ha-1),
under relatively high UVa light in an environmental growth chamber.
Total Chlorophyll

Total Xanthophyll

Lutein

1ab

mg 100 g FW Time

Treatment
0

1

Δ

0

1

Δ

0

1

Δ

Control

252.78 176.77 -76.02 a

12.36

11.06

-1.30 a

21.22

15.02

-6.20 a

Chlorella

263.88 155.25 -108.63 a

13.87

6.28

-7.60 a

21.49

11.74

-9.75 a

Signature

276.46 194.77 -81.68 a

13.44

8.08

-5.36 a

21.95

11.14 -10.81 a

LSD(0.05)
a

c

234.38

11.05

22.23

Abbreviations: fresh weight, FW; ultraviolet, UV.

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
c
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
b
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Table 3.1 First experimental repetition for violaxanthin, zeaxanthin, and antheraxanthin pigment
concentrations in creeping bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1
f

d

week after (Time 1) treatment with control (794.4 L ha-1), Signature (12.2 kg ha-1), and
e

Chlorella (48.8 kg ha-1), under relatively high UVa light in an environmental growth chamber.
Violaxanthin

Zeaxanthin

Antheraxanthin

1ab

mg 100 g FW Time

Treatment
0

1

Δ

0

1

Δ

0

1

Δ

Control

3.89

6.03

2.14 a

1.22

1.45

0.22 a

7.24

3.58

-3.65 a

Chlorella

4.53

4.24

-0.29 a

1.34

0*

-1.34 a

8.00

2.04

-5.97 a

Signature

4.47

4.93

0.46 a

1.35

0.96

-0.40 a

7.61

2.19

-5.42 a

LSD(0.05)
a

c

4.72

3.03

Abbreviations: fresh weight, FW; ultraviolet, UV.

5.10

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
*Statistical analysis limited by the presence of multiple values of 0 (Not Detectable in HPLC analysis)
b
c

57

Table 3.2 First experimental repetition for beta-carotene, neoxanthin, and total carotenoids
(antheraxanthin + beta carotene + zeaxanthin + lutein + neoxanthin + violaxanthin) pigment
concentrations in creeping bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1
d

week after (Time 1) treatmentf with control (794.4 L ha-1), Signature (12.2 kg ha-1), and
e

a

Chlorella (48.8 kg ha-1), under relatively high UV light in an environmental growth chamber.
Beta-carotene

Neoxanthin

Total Carotenoids

1ab

mg 100 g FW Time

Treatment
0

1

Δ

0

1

Δ

0

Control

4.36

2.36

-2.01 a

6.53

6.19

-0.34 a

44.47

34.63 -9.85 a

Chlorella

5.98

1.90

-4.08 a

6.33

3.78

-2.55 a

47.68

23.69 -23.98 a

Signature

5.51

1.89

-3.62 a

6.50

3.85

-2.65 a

47.40

24.96 -22.44 a

LSD(0.05)
a

c

4.70

6.54

Abbreviations: fresh weight, FW; ultraviolet, UV.

1

Δ

42.92

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
b
c
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Table 4. First experimental repetition for total chlorophyll (chlorophyll a + b), total xanthophyll cycle
(antheraxanthin + violaxanthin + zeaxanthin), and lutein pigment concentrations in creeping
bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1 week after (Time 1)
f

d

e

treatment with control (794.4 L ha-1), Signature (12.2 kg ha-1), and Chlorella (48.8 kg ha-1)
while under relatively high visible light in an environmental growth chamber.
Total Chlorophyll

Total Xanthophyll

Lutein

1ab

mg 100 g FW Time

Treatment
0

1

Δ

0

1

Δ

0

1

Δ

Control

185.98

136.57 -49.41 a

2.79

3.84

1.05 a

12.30

9.14

-3.16 a

Chlorella

157.93

129.52 -28.41 a

2.34

2.79

0.45 a

11.98

8.20

-3.78 a

Signature

128.48

120.40

2.47

3.16

0.69 a

9.88

8.01

-1.88 a

LSD(0.05)
a

c

-8.07 a

106.34

2.11

Abbreviations: fresh weight, FW.

6.60

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
b
c
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Table 4.1 First experimental repetition for violaxanthin, zeaxanthin, and antheraxanthin pigment
concentrations in creeping bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1
f

d

week after (Time 1) treatment with control (794.4 L ha-1), Signature (12.2 kg ha-1), and
e

Chlorella (48.8 kg ha-1) while under relatively high visible light in an environmental growth
chamber.

Violaxanthin

Zeaxanthin
mg 100 g FW -

Treatment

Antheraxanthin

1ab

Time
0

1

Δ

0

1

Δ

0

1

Δ

Control

1.56

0.89

-0.67 a

0.21

0.43

0.22 a

1.01

2.51

1.50 a

Chlorella

1.52

0.91

-0.61 a

0.07

0.31

0.24 a

0.75

1.57

0.82 a

Signature

1.27

0.84

-0.43 a

0.22

0.31

0.09 a

0.98

2.00

1.02 a

c

LSD(0.05)
a

1.02

0.41

1.62

Abbreviations: fresh weight, FW.

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
b
c
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Table 4.2 First experimental repetition for beta-carotene, neoxanthin, and total carotenoids
(antheraxanthin + beta carotene + zeaxanthin + lutein + neoxanthin + violaxanthin) pigment
concentrations in creeping bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1
f

d

week after (Time 1) treatment with control (794.4 L ha-1), Signature (12.2 kg ha-1), and
e

Chlorella (48.8 kg ha-1), while under relatively high visible light in an environmental growth
chamber.
Beta-carotene

Neoxanthin

Total Carotenoids

1ab

mg 100 g FW Time

Treatment
0

1

Δ

0

1

Δ

0

Control

4.19

4.13

-0.06 a

5.99

4.21

-1.77 a

25.27

21.33 -3.95 a

Chlorella

5.38

3.76

-1.62 a

5.97

4.09

-1.88 a

25.66

18.84 -6.83 a

Signature

4.15

3.79

-0.36 a

4.63

3.36

-1.27 a

21.14

18.32 -2.82 a

LSD(0.05)
a

c

2.55

4.15

1

Δ

13.28

Abbreviations: fresh weight, FW; ultraviolet, UV.

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
c
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
b
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Table 5. Second experimental repetition for total chlorophyll (chlorophyll a + b), total xanthophyll
cycle (antheraxanthin + violaxanthin + zeaxanthin), and lutein pigment concentrations in
creeping bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1 week after (Time
f

d

e

1) treatment with control (794.4 L ha-1), Signature (12.2 kg ha-1), and Chlorella (48.8 kg ha-1),
a

under relatively high UV light in an environmental growth chamber.
Total Chlorophyll

Total Xanthophyll

Lutein

1ab

mg 100 g FW Time

Treatment
0

0

1

Δ

0

1

Δ

814.62 626.82 -187.80 b

21.94

21.25

-0.69 b

46.65

39.05

-7.59 b

Chlorella

653.10 659.30

16.34

19.58

3.25 a

37.23

41.88

4.65 a

Signature

690.52 413.01 -277.51 b

19.17

19.50

0.32 ab 39.61

42.63

3.03 a

Control

LSD(0.05)
a

c

1

Δ

6.20 a

128.80

3.05

Abbreviations: fresh weight, FW; ultraviolet, UV.

9.09

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
b
c
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Table 5.1 Second experimental repetition for violaxanthin, zeaxanthin, and antheraxanthin pigment
concentrations in creeping bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1
f

d

week after (Time 1) treatment with control (794.4 L ha-1), Signature (12.2 kg ha-1), and
e

a

Chlorella (48.8 kg ha-1), under relatively high UV light in an environmental growth chamber.
Violaxanthin

Zeaxanthin

Antheraxanthin

1ab

mg 100 g FW Time

Treatment
0

1

Δ

0

1

Δ

0

1

Δ

Control

15.21

10.47

-4.75 a

0.40

1.13

0.74 a

6.33

9.67

3.33 a

Chlorella

10.71

9.45

-1.26 a

0.29

1.18

0.88 a

5.33

8.95

3.62 a

Signature

12.30

8.70

-3.60 a

0.51

1.15

0.64 a

6.36

9.65

3.29 a

LSD(0.05)
a

c

5.78

0.97

3.67

Abbreviations: fresh weight, FW; ultraviolet, UV.

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
c
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
b
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Table 5.2 Second experimental repetition for beta-carotene, neoxanthin, and total carotenoids
(antheraxanthin + beta carotene + zeaxanthin + lutein + neoxanthin + violaxanthin) pigment
concentrations in creeping bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1
d

week after (Time 1) treatmentf with control (794.4 L ha-1), Signature (12.2 kg ha-1), and
e

a

Chlorella (48.8 kg ha-1), under relatively high UV light in an environmental growth chamber.
Beta-carotene

Neoxanthin

Total Carotenoids

1ab

mg 100 g FW Time

Treatment
0

1

Δ

0

1

Δ

0

Control

20.01

14.05

-5.97 b

17.64

15.73

-1.91 b

106.22

90.08 -16.14 b

Chlorella

16.51

15.44

-1.07 a

13.54

16.49

2.95 a

83.61

93.39

9.78 a

Signature

16.98

12.83

-4.15 ab 14.87

16.95

2.08 a

90.63

91.90

1.27 a

LSD(0.05)
a

c

3.29

3.19

1

Δ

15.04

Abbreviations: fresh weight, FW; ultraviolet, UV.

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
c
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
b
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Table 6. Second experimental repetition for total chlorophyll (chlorophyll a + b), total xanthophyll
cycle (antheraxanthin + violaxanthin + zeaxanthin), and lutein pigment concentrations in
creeping bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1 week after (Time
f

d

e

1) treatment with control (794.4 L ha-1), Signature (12.2 kg ha-1), and Chlorella (48.8 kg ha-1)
while under relatively high visible light in an environmental growth chamber.
Total Chlorophyll

Total Xanthophyll

Lutein

1ab

mg 100 g FW Time

Treatment
0

1

Δ

0

1

Δ

0

1

Δ

Control

904.45 700.53 -203.92 a

20.72

31.44

10.72 a

52.05

41.52 -10.53 a

Chlorella

965.68 701.82 -263.86 a

22.97

29.26

6.29 a

55.35

42.42 -12.94 a

Signature

983.68 458.53 -525.15 b

22.39

23.84

1.45 a

55.98

36.61 -19.37 a

LSD(0.05)c
a

239.60

13.33

Abbreviations: fresh weight, FW.

17.39

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
b
c
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Table 6.1 Second experimental repetition for violaxanthin, zeaxanthin, and antheraxanthin pigment
concentrations in creeping bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1
f

d

week after (Time 1) treatment with control (794.4 L ha-1), Signature (12.2 kg ha-1), and
e

Chlorella (48.8 kg ha-1) while under relatively high visible light in an environmental growth
chamber.
Violaxanthin

Zeaxanthin

Antheraxanthin

1ab

mg 100 g FW Time

Treatment
0

1

Δ

0

1

Δ

0

1

Δ

Control

15.46

7.97

-7.48 a

0.19

2.93

2.74 a

5.08

20.54

15.46 a

Chlorella

16.55

8.16

-8.39 a

0.31

2.65

2.34 a

6.11

18.46

12.35 a

Signature

16.59

6.06

-10.53 a

0.28

2.44

2.16 a

5.52

15.34

9.82 a

LSD(0.05)
a

c

5.27

1.12

Abbreviations: fresh weight, FW.

7.64

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
c
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
b
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Table 6.2 Second experimental repetition for beta-carotene, neoxanthin, and total carotenoids
(antheraxanthin + beta carotene + zeaxanthin + lutein + neoxanthin + violaxanthin) pigment
concentrations in creeping bentgrass (Agrostis palustris) leaves emerging before (Time 0) and 1
f

d

week after (Time 1) treatment with control (794.4 L ha-1), Signature (12.2 kg ha-1), and
e

Chlorella (48.8 kg ha-1), while under relatively high visible light in an environmental growth
chamber.
Beta-carotene

Neoxanthin

Total Carotenoids

1ab

mg 100 g FW Time

Treatment
0

1

Δ

0

1

Δ

0

Control

19.89

12.53

-7.36 a

14.28

13.66

-0.61 a

106.94

99.15 -7.79 a

Chlorella

20.73

13.22

-7.51 a

15.91

13.97

-1.95 a

114.97

98.87 -16.10 a

Signature

20.24

8.43

-11.81 a 15.71

12.93

-2.78 a

114.32

81.81 -32.51 a

LSD(0.05)
a

c

7.98

6.46

Abbreviations: fresh weight, FW; ultraviolet, UV.

1

Δ

44.37

-1
Pigment concentrations expressed as mg 100 g fresh weight (FW)
Means separated using Fisher’s least significant difference test, where means followed by the same letter
do not significantly differ (p ≤ 0.05)
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
All treatments applied on a 7-day interval
b
c
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Table 7. Plant health measurements visual quality (Quality), ratio and normalized difference vegetation
indices (RVI & NDVI), and digital image analysis (DIA) of percent green cover following 6
weeks of pigment applications consisting of pulverized cells of Chlorella vulgaris (Nuts Online,
Cranford, NJ) applied at 48.8 kg ha-1 on a 4-day interval, Signature fungicide (Bayer
Environmental Science, Research Triangle Park, NC) at 12.2 kg ha-1 on a 7-day interval,
Foursome Turf Pigment (Quali-Pro, Pasadena, TX) at 1.3 L ha-1 on a 7-day interval, and water
alone as an untreated control on a 7-day interval in the summer of 2011 at the East Tennessee
Research and Education Center in Knoxville, TN.

Treatment Rate

a

f

e

h

RVI

NDVI

gh

DIA % Cover

252.78

4.00 c

5.48 b

6.89 b

92.29 b

c

12.2 kg ha-1

7.00 ab

5.72 b

6.99 b

98.26 a

b

48.8 kg ha-1

6.00 b

6.63 a

7.36 a

97.62 a

c

1.3 L ha-1

7.75 a

5.91 ab

7.10 ab

99.03 a

1.47

0.73

Control

Signature

Chlorella

Quality

Foresome

LSD(0.05)i
a

0.29
-1

1.94

Application consisted of water applied at 814.8 L ha every 4-days,
Applied on a 4-day Interval.
c
Applied on a 7-day Interval.
d
Means followed by same letter do not significantly differ (P=.05, LSD).
e
RVI and NDVI values have been scaled up by a factor of 10.
f
Measured as visual quality on a scale from 1-9 based with 1 being the worst and 9 being the best.
g
Measured as % green cover using methods described in Richardson et al. (2001).
h
Abbreviations: ratio vegetation index, RVI; normalized difference vegetation index, NDVI;
digital image analysis, DIA.
i
Means separated using Fisher’s least significant difference test (p ≤ 0.05)
b
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Table 8. Photon flux measurements (µmol m-2 s-1) of UV-B (280-315 nm) and PAR (400-700 nm) light
following transmission through sterile polystyrene petri dishes (Fisher Scientific, Hamptom, NH)
d

e

treated with control (794.4 L ha-1), Signature (12.2 kg ha-1), and Chlorella (48.8 kg ha-1) in an
environmental growth chamber.

Treatment

ab

PARac

UV-B
µmol m-2 s-1

Control

490.3 a

3.41 a

Signature

467.0 b

3.11 b

Chlorella

377.5 c

1.82 c

11.67

0.11

f

LSD(0.05)
a

Abbreviations: photosynthetically active radiation, PAR; ultraviolet, UV.
Consisted of output from a mixture of High Output Fluorescent Lamps (Phillips F39T5/841 HO Alto, Somerset,
NJ) and Zilla Desert 21 Watt UVB 50 Fluorescent T5 Bulb-Zilla Desert Lamps (Zilla Products, Franklin, WI).
c
Consisted of output from High Output Fluorescent Lamps (Phillips F39T5/841 HO Alto, Somerset, NJ).
d
Administered as water
e
Applied as fractured cells of Chlorella vulgaris
f
Means separated using Fisher’s least significant difference test, where means followed by the same letter do not
significantly differ (p ≤ 0.05)
b
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Visible

a

UVa

Abbreviations: ultraviolet, UV.
Measurements taken between 200 and 1150 nm.

b

Figure 1. Irradiance spectrab of UV and visible light treatments used in the environmental growth chamber (Conviron Adaptis A1000, Pembina,
ND). Spectral measurements were taken during mid-photo period and averaged across 10 readings. Visible light output was administered
using High Output Fluorescent Lamps (Phillips F39T5/841 HO Alto, Somerset, NJ). UV light output was administered using a mixture of
High Output Fluorescent Lamps (Phillips F39T5/841 HO Alto, Somerset, NJ) and Zilla Desert 21 Watt UVB 50 Fluorescent T5 Bulb-Zilla
Desert Lamps (Zilla Products, Franklin, WI).
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Controla
Signature
Chlorellac

a

Administered as water
Measurements taken between 200 and 1150 nm.

b
c

Applied as fractured cells of Chlorella vulgaris

Figure 2. Transmission spectrab of ultraviolet light after passing through sterile polystyrene petri dishes (Fisher Scientific, Hamptom, NH) adaxially
treated with controla (794.4 L ha-1), Signature (12.2 kg ha-1), and Chlorellac (48.8 kg ha-1) in an environmental growth chamber (Conviron
Adaptis A1000, Pembina, ND) equipped with a mixture of High Output Fluorescent Lamps (Phillips F39T5/841 HO Alto, Somerset, NJ) and
Zilla Desert 21 Watt UVB 50 Fluorescent T5 Bulb-Zilla Desert Lamps (Zilla Products, Franklin, WI).
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Controla
Signature
Chlorellac

a

Administered as water
Measurements taken between 200 and 1150 nm.

b
c

Applied as fractured cells of Chlorella vulgaris

Figure 3. Transmission spectrab of visible light after passing through sterile polystyrene petri dishes (Fisher Scientific, Hamptom, NH) adaxially
treated with controla (794.4 L ha-1), Signature (12.2 kg ha-1), and Chlorellac (48.8 kg ha-1) in an environmental growth chamber (Conviron
Adaptis A1000, Pembina, ND) equipped with High Output Fluorescent Lamps (Phillips F39T5/841 HO Alto, Somerset, NJ).
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No Petri Dish

Petri Dish

a

Measurements taken between 200 and 1150 nm.
Abbreviations: ultraviolet, UV.

b

Figure 4. Irradiance and transmission spectraa of ultraviolet light before and after passing through sterile polystyrene petri dishes (Fisher Scientific,
Hamptom, NH) in an environmental growth chamber (Conviron Adaptis A1000, Pembina, ND) equipped with a mixture of High Output
Fluorescent Lamps (Phillips F39T5/841 HO Alto, Somerset, NJ) and Zilla Desert 21 Watt UVB 50 Fluorescent T5 Bulb-Zilla Desert Lamps
(Zilla Products, Franklin, WI).
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No Petri Dish

Petri Dish

a

Measurements taken between 200 and 1150 nm.

Figure 5. Irradiance and transmission spectraa of visible light before and after passing through sterile polystyrene petri dishes (Fisher Scientific,
Hamptom, NH) in an environmental growth chamber (Conviron Adaptis A1000, Pembina, ND) equipped with High Output Fluorescent
Lamps (Phillips F39T5/841 HO Alto, Somerset, NJ)
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Figure 6. Diagram depicting a potential mechanism for changes observed in Chlorella treated
plants under high UV and PAR light.
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Figure 7. Diagram depicting potential mechanisms for changes observed in Signature treated
plants under high UV and PAR light.
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CONCLUSIONS

77

Chlorinated copper phthalocyanine was first investigated in a 2004 patent, where
bentgrass treated plants were shown to exhibit better plant quality under high temperature stress.
There was, however, no research on the roles that light played in these effects. Also done in
2004, was a study by Ervin et al., which demonstrated the detrimental effects of UV on
Kentucky bluegrass. Specifically, this study found that plants treated with copper phthalocyanine
had improved photochemical efficiency and forestalled superoxidedismutase decline over 1, 5,
and 10 days. However, this study did not look at the comparable effects of high visible light
independent of UV. Because of the inherent roles pigments play in plants, measuring chlorophyll
and carotenoid content, specifically the xanthophyll cycle pigments, provided further insight into
plant stress under different types of light.
Under these methods of experimentation, inconsistency in the results prevented definitive
conclusions from being drawn across experimental repetitions. A possible contributor to this
variation may have been due to the establishment of pots in the greenhouse, rather than the
chamber. It is possible that the three-day acclimation period, following transfer to the chamber,
was not sufficiently long enough to prevent potential changes in humidity, soil temperature, and
soil moisture from skewing baseline HPLC readings on which later measurements would be
based. Also, the lesser availability of fresh weight in the first experimental repetitions may have
contributed to weak peak chromatogram readings in HPLC, leading to non-detectable values. In
future research, the detrimental effects of high light on turfgrass growth should be compensated
for by increasing the number of plant samples in each experimental unit. This will allow more
fresh weight tissue to be drawn upon in HPLC, reducing the risk of low fresh weight volumes (<
.15 g), which may contribute to large variations in output readings. In accordance with previous
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HPLC research on high irradiance effects in creeping bentgrass, these experiments were
performed over the course of approximately 168 hours (McElroy et al., 2006). While it is
possible to detect significant changes in xanthophyll cycle stress responses over this amount of
time, visual changes in plant quality were less apparent, most often due to the influence of
pigments on visual color. In future experiments, it may prove beneficial for researchers to look at
the use of these pigments over longer periods of time within a controlled environment. Longer
time for differences based on leaf senescence may allow for more plant health analyses beyond
HPLC alone. The lack of research documenting the bleaching effects of copper phthalocyanine,
as observed in these experiments, suggests that the Al in Fosetyl-Al, an active ingredient in
Signature, may have caused this bleaching, and thus prevented definitive conclusions from being
drawn on the copper phthalocyanine pigment alone. In future experiments, efforts must be made
to control for all active ingredients in pigmented products, utilizing the pigment alone whenever
possible. Foliar applications of anthocyanin may also provide valuable insight into the
mechanisms through which photoprotection and the adaxial screening of light may occur.
Concomitantly, measuring anthocyanin buildup within the leaves may allow additional insight
into the mechanisms of stress avoidance and responses to high light treatments.
The results of these experiments should prove beneficial to practitioners looking to
develop methods of limiting the detrimental effects of abiotic stress responses in the field.
However, more research is needed if practitioners are to draw definitive inferences about the
relationships that exist between exogenous pigment applications and photoprotection. Up until
this point, little research has been conducted on these potential methods of light protection. This
can most likely be attributed to a lack of research on the implications of high light stress in
bentgrass maintenance, specifically the roles that UV light plays in bentgrass decline in both the
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field and environmentally controlled settings. As these roles are uncovered, this research will
hopefully provide further insight into the importance of photoprotective mechanisms in the plant,
and what turfgrass managers can do to improve them. As the popularity of pigment applications
continues to grow in the marketplace, the interest in the empirical research documenting their
effects should also gain priority. Overall, this research further emphasizes the roles that light
plays in bentgrass quality, as well as a new technique for reducing UV light damage through the
application of fractured cells of Chlorella biomass.
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